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ABSTRACT
Enas, Sakr S. Ph.D., Purdue University, August 2018. Spectral and Directional
Control of Thermal Emission with Nanophotonics. Major Professor: Peter Bermel.
Thermal emission is a ubiquitous phenomenon required in many applications,
including thermophotovoltaics (TPV), selective solar absorption, and infrared spectroscopy. Making it selective can greatly improve application performance. Here,
selectivity is achieved using engineered photonic structures. Two speciﬁc design scenarios are discussed for diﬀerent applications. The ﬁrst scenario considers angular
and spectral selectivity for TPV heat-to-electricity conversion. The second scenario
excludes emission towards speciﬁc directions, with potential applications in daytime
radiative cooling and sensitive IR detectors. In both scenarios, optical modeling is
performed using rigorous coupled wave analysis, ﬁnite-diﬀerence time domain simulations, plus Kirchhoﬀs law of thermal radiation. In the ﬁrst scenario, TPV eﬃciency is
enhanced by matching the emitters photonic bandgap to the PV electronic bandgap.
A rare earth-based spectrally selective emitter with integrated ﬁlter is proposed, where
theoretical eﬃciencies can approach 38%. To aid this goal, the proportion of emitted
heat intercepted by the PV diode, or the view factor, should be maximized. Hence,
symmetric sensitive metallic grating emitters are proposed to restrict directionality.
Then, spectral and angular selectivity are combined using doped oxide thin ﬁlms and
high contrast gratings. A relative enhancement of TPV system eﬃciency of 3.9x is
expected using the proposed selective emitters at large separation distances. In the
second scenario, directional emission exclusion is achieved using high contrast metasurfaces. A nearly-complete reduction of heat exchange by 99.77% is shown between
an engineered emitter and a distant receiver, and by 77% between an emitter covered
by sets of metasurfaces and a nearby target.
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1. A REVIEW OF SOLAR THERMOPHOTOVOLTAICS
Recently, there has been increasing interest in utilizing solar thermophotovoltaics
(STPV) to convert sunlight into electricity, given their potential to exceed the ShockleyQueisser limit. Encouragingly, there have also been several recent demonstrations of
improved system level eﬃciency as high as 6.2%. Here, prior work in the ﬁeld is
reviewed, with particular emphasis on the role of several key principles in their experimental operation, performance, and reliability. In particular, for the problem
of designing selective solar absorbers, we consider the trade-oﬀ between solar absorption and thermal losses, particularly radiative and convective mechanisms. For
the selective thermal emitters, we consider the tradeoﬀ between emission at critical
wavelengths and parasitic losses. Then for the thermophotovoltaic (TPV) diodes,
we consider the trade-oﬀ between increasing the potential short-circuit current, and
maintaining a reasonable open circuit voltage. This treatment parallels the historic
development of the ﬁeld, but also connects early insights with recent developments in
adjacent ﬁelds. With these various components connecting in multiple ways, a systemlevel end-to-end modeling approach is necessary for a comprehensive understanding
and appropriate improvement of STPV systems. This approach will ultimately allow researchers to design STPV systems capable of exceeding recently demonstrated
eﬃciency values 1 .

1.1

Introduction
Solar thermophotovoltaic systems convert sunlight into electricity by absorbing

solar photons as heat, which are then emitted as thermal radiation, which is sub1

Adapted from Z. Zhou, E. Sakr, Y. Sun, and P. Bermel, “Solar thermophotovoltaics: Reshaping
the solar spectrum,” Nanophotonics, vol. 5, no. 1, 2016.
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sequently converted into electron-hole pairs via a low-band gap photovoltaic (PV)
medium; these electron-hole pairs are then conducted to the leads to produce a
current [1–4]. Originally proposed by Richard Swanson to incorporate a blackbody
emitter with a silicon PV diode [5], the basic system operation is shown in Fig. 1.1.
However, there is potential for substantial loss at each step of the process, particularly in the conversion of heat to electricity. This is because according to Wiens law,
blackbody emission peaks at wavelengths of 3000 μm·K/T , for example, at 3 μm
at 1000 K. Matched against a PV diode with a band edge wavelength λg < 2 μm,
the majority of thermal photons have too little energy to be harvested, and thus act
like parasitic losses. This phenomenon often reduces STPV system eﬃciencies well
below those of their PV brethren. If eﬃciencies could be substantially improved, new
applications such as solar power with integrated storage would open up.
It is worth noting that the principle of operation of STPV is fundamentally different than concentrated multi-junction solar photovoltaics. In a concentrated multijunction PV system, concentrated sunlight directly illuminate multiple solar cells
of diﬀerent bandgaps. This setup minimizes sub-bandgap losses and thermalization
losses through using diﬀerent bandgap PV cells. The concentrated sunlight allows
for linear scaling of the short circuit current and logarithmic scaling of open circuit
voltage, allowing for high values of solar-to-electricity conversion eﬃciency.
In accordance with the modular design of an STPV system, such as the one shown
in Fig. 1.2 [6], the system conversion eﬃciency can be broken down as a product of
three component eﬃciencies [7]:

ηstpv = η0 ηt ηtpv ,

(1.1)

where η0 is the concentration eﬃciency, governed by the concentrating optics, ηt is the
thermal transfer eﬃciency of light into usable heat [8] and ηtpv is the TPV eﬃciency
of converting heat to electricity. However, it is important to note that these three
nominally independent terms still interact within the same system, and thus have
many linkages, such as temperature, energy ﬂux, and environmental conditions.
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Fig. 1.1. Illustration of the basic design of solar thermophotovoltaic systems for converting sunlight into electricity. The eﬃciency may be limited
by reradiation from the selective absorber, nonideal emission from the selective emitter and losses in the PV cell [3].

Fig. 1.2. Schematic of a photonic crystal-based selective solar absorberselective emitter photovoltaic system (inset) scanning electron microscope
picture of the 2D photonic crystal fabricated by Rinnerbauer et al. Reproduced with permission from [6]. 2014 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim. All rights reserved.

The initial theoretical development and improvement of STPV proceeded over
the course of several years. Using Richard Swansons concept as a baseline [5], the
ﬁrst key strategy for improving the system was to use a lower band gap PV cell
than crystalline-silicon (c-Si). It was predicted that up to 65% eﬃciency would be
possible with the use of a semiconductor having a band gap of 0.8 eV [9], which
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is about twice the Shockley-Queisser limit for a single junction PV cell [10]. The
primary reason is that many more thermal photons could be harvested with a lower
band gap, which greatly reduces sub-band gap losses. The next key insight is to
develop selective emitters that oﬀer substantially diﬀerent emission proﬁles than a
blackbody [9, 11, 12]. It could be seen early on that creating a selective thermal emitter that only emits thermal photons at or above the energy of the PV diode could
wholly eliminate sub-band gap losses, although it would be a diﬃcult goal. Experimentally, selective emitter materials such as rare earth oxides (e.g., erbium oxide
and ytterbium oxide [13]), as well as dielectric coatings on refractory metals (e.g.,
tungsten [W]) were shown to have potential for enhanced selectivity [14]. The third
key insight was to introduce selective ﬁlters, in which a real selective emitter with
less than perfect selectivity could have sub-band gap photons returned to the emitter
whence they came [4, 14, 15]. Subsequent calculations pointed toward experiments
combining all three innovations [16]. On the strength of these results, it was subsequently re-estimated that in fact, STPV systems could in principle approach 85%
conversion of sunlight to electricity under maximal concentration [17], a conclusion
also reinforced by more recent work [18]. Developing integrated STPV systems to
achieve even a fraction of the projected performance required signiﬁcant advances in
fabrication and characterization. A particularly key development was the adoption of
a high-performance, low-band gap PV cell, made from Zn-diﬀused gallium antimonide
(GaSb) in the late 1980s and early 1990s [19, 20]. Another key development in 1994
allowed STPV systems to reach sustained temperatures up to 1350 °C [21]. Reliable
operation for hundreds of hours over 1200 °C, with up to 29% conversion of selected
thermal emission to electricity was achieved shortly thereafter [22]. Within a decade,
it was shown that the key underlying process of heat-to-electricity conversion could
exceed 23% eﬃciency in experiment [23]. Recently, a TPV eﬃciency of 24.1% ± 0.9
was reported at 1055 °C enabled by a frequency selective metamaterial emitter [24].
Also, a TPV eﬃciency of 28.1% was reported in experiment, using the PV diode as
the spectral ﬁlter [25].
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In recent years, there has been a competition to fully integrate and quantify the
eﬀects of using sunlight as the exclusive source of heat, and to improve overall STPV
conversion eﬃciencies toward theoretical limits. Early system level STPV results from
Tohoku University in Japan [26] and Technical University of Madrid in Spain [27]
reported experimental eﬃciencies below 1%. However, by 2013, an MIT group had
achieved 3.2% eﬃcient conversion [7]. Most recently, a collaboration out of Virginia
and Argonne National Laboratories achieved 6.2% eﬃciency [28], although the test
was performed with a 300 W laser diode source in lieu of direct solar simulation.

1.2

Principles of selectivity
Previous work has not addressed the problem of how to achieve much higher ef-

ﬁciencies, particularly those above the Shockley-Queisser limit of 31% [10]; the key
problem has been a requirement for unrealistic alignment of emitter and receiver.
Careful modeling of such designs suggests that it may be possible to strongly concentrate thermal emission into a much narrower range of photon energies. In fact,
an integrated strategy could eliminate a separate ﬁlter, while achieving higher performance. This approach gives rise to a new type of thermal conversion known as
thermophotonics [29]. This term indicates that emitted photons will always have energy above a nontrivial band gap value. Thus, the thermal emitter would end up with
a spectrum not unlike that of a light-emitting diode (LED), but with extraordinarily high eﬃciencies, since many of the typically loss mechanisms of LEDs would no
longer be a problem with a thermal energy source. If typical sub-band gap and carrier
thermalization losses due to above-band gap absorption can be strongly suppressed
or even eliminated with this approach, extremely high heat-to-electricity power conversion eﬃciencies up to 50% could be achieved [30], well in excess of both the single
junction and tandem-junction Shockley-Queisser limits for PV cells [10]. This would
be possible at 1300 °C for band gaps ranging from 0.7 to 1.1 eV, encompassing a wide
range of PV materials including GaSb and c-Si [31].
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1.3

Selective solar absorbers
The ﬁrst step of STPV energy conversion is converting solar radiation into ther-

mal energy by a solar absorber. In this section, we ﬁrst focus on this step of the
energy conversion. A main challenge is making a solar absorber that can both absorb broadband solar radiation and suppress re-radiation at high temperature. This
challenge can be analytically expressed by the following ﬁgure of merit, called the
thermal transfer eﬃciency [8]:
ηt (Ta ) = ᾱa (Ta ) −

σ ¯a (Ta )Ta4
,
CIsolar

(1.2)

where ᾱa (Ta ) is the spectrally averaged absorptance of the solar absorber at temperature Ta , ¯a (Ta ) is the spectrally averaged emittance of the solar absorber, σ is
the Stefan-Boltzmann constant, C is the concentration factor of the solar irradiance,
and Isolar is the incident solar intensity that includes the loss during concentration.
Previous work used near-blackbody absorbers [32] like arrays of multi-walled carbon
nanotubes [7] has very strong absorptance over a broad spectral range. However,
their non-selective absorption also allows re-radiation over infrared (IR) wavelengths
at high temperatures. Therefore, a selective solar absorber that has strong absorptance around the peak of AM1.5 spectrum, yet weak absorptance at longer wavelengths, is preferred for high-performance STPV. There are several types of selective
solar absorbers that are suitable for STPV applications, including metal–dielectric
composites, semiconductor-metal tandems, plasmonic absorbers, and one-dimensional
(1D)/two-dimensional (2D)/three-dimensional (3D) photonic crystals (PhCs). Among
the listed selective absorbers, metal-dielectric composites and semiconductor-metal
tandems have similar thermal conversion eﬃciencies at temperatures higher than 700
K [8, 33]. One-dimensional aperiodic multilayer PhCs follow closely behind, but have
more complex structures [34]. For plasmonic absorbers and 2D or 3D PhCs, the
slightly higher thermal emittance decreases their thermal transfer eﬃciencies at high
temperatures. It is also relatively more challenging to fabricate plasmonic absorbers
and 2D or 3D PhCs that are durable for high temperature operations [35, 36]. Other
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types of selective solar absorbers that have been previously considered in the literature, but are not explored here in detail, include textured absorbers [37–40] and
intrinsic absorber materials [38, 40–42].

1.3.1

Metal–dielectric composite selective solar absorbers

Metal-dielectric composite solar absorber typically consists of cermet layers deposited on metallic substrates. A cermet consists of nanoscale metal particles embedded within ceramic binders [32]. Typical ceramic binder materials include alumina
(Al2 O3 ) [43], silicon dioxide (SiO2 ), aluminum oxynitride (AlON) [8] and zirconium
dioxide (ZrO2 ) [44]. The cermet layer by itself has strong solar absorption and high
transmission in the mid-IR. Combined with a metallic substrate, which is highly reﬂective at mid and far-IR, the cermet oﬀers both strong solar absorption and low
thermal emittance. The cutoﬀ of strong absorption and scattering in cermet can be
tuned by the sizes of the metal particles. For example, larger particle sizes correspond
to longer cutoﬀ wavelengths [45]. The thickness of the cermet layer also needs to be
carefully engineered. Thicker cermets lead to stronger solar and IR absorption [45].
Previously, a graded concentration of metal particles was proposed to improve solar absorption within the cermet by gradually increasing the refractive index of each
cermet layer [32]. A single layer of graded Ni/Al2 O3 on stainless steel was reported
to have an averaged solar absorptance of 94%, and an averaged thermal emittance
of only 7% at 773 K [33]. It is also proposed that for Alsp-AlON (Al sputtered in
AlON binder) cermet solar absorber, a ten layer graded cermet can be simpliﬁed as
a double-layer cermet, yielding 86% thermal transfer eﬃciency at 1 sun illumination
and a temperature of 353 K [8]. Another type of cermet structure uses porous alumina as the ceramic binder. The pores are perpendicular to the metallic substrate
and can be ﬁlled with nanoscale metal [nickel (Ni), vanadium (V), cobalt (Co), copper (Cu), chromium (Cr), molybdenum (Mo), silver (Ag), tungsten (W)] rods [46].
Finally, as shown in the simulated reﬂection spectra in Fig. 1.3B, using W particles
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in an alumina binder multilayer structure (Fig. 1.3A) is predicted to achieve up to
ηt = 86% under 100 suns at 1000 K [47].

Fig. 1.3. Cermet selective solar absorber. (A) Schematic drawing of the
cross-section of multilayer W cermets. (B) Simulated reﬂection spectra
of optimized multilayer W cermets. Panels (A) and (B) adapted with
permission from [47]. 2011 Optical Society of America.

1.3.2

Semiconductor-metal tandem selective solar absorbers

Another type of selective solar absorbers uses the spectral selectivity of semiconductors. Low-to-medium band gap semiconductors (0.5-1.26 eV), like crystalline
silicon (c-Si), amorphous silicon (a-Si) [48], germanium (Ge) and lead sulﬁde (PbS)
[49–51], have strong solar absorption. Furthermore, when intrinsic or lightly doped,
and polished, they can be almost transparent to photons with energy below their band
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gaps. By using metals with low thermal emittance as back reﬂectors, a semiconductormetal tandem absorber may exhibit both strong solar absorption and low thermal
emission. To reduce the reﬂection of the solar incidence due to the high refractive
index of the semiconductors, an anti-reﬂection layer can be coated on top of the semiconductor. It is recently proposed that a multilayer front coating consisting of four
gradually increasing index materials (Fig. 1.4A) can signiﬁcantly improve the absorptance and selectivity of the Ge + Ag semiconductor-metal tandem absorber as shown
by the simulated emissivity spectra in Fig. 1.4B, yielding an 88.1% thermal transfer
eﬃciency at 1 sun illumination and a temperature of 400 K [52]. For high temperature (1000 K) applications, Ge in the proposed absorber design was substituted with
Si. Under 100 suns illumination, ηt reaches 82.2% [52].

Fig. 1.4. Ge + Ag tandem selective solar absorber. (A) A schematic
drawing of the optimized Ge + Ag tandem selective absorber with four
front coating layers and a back coating of low index material. (B) Simulated emissivity spectrum showing that the front coating and back coating
improve the overall emissivity before the cutoﬀ wavelength while suppressing the parasitic emissions. Panels (A) and (B) adapted with permission
from [52]. 2010 Optical Society of America.
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1.3.3

Plasmonic selective solar absorbers

Plasmonic nanostructures, made of highly conductive metals with strong surface
plasmon resonances, may enhance absorption around selected incident wavelengths
and angles. The resonant frequencies can also be tuned by the dimensions and material properties of the structure (using metal nanostructures and dielectric spacers).
Therefore, plasmonics have been proposed as a relatively new type of selective solar
absorbers. A plasmonic absorber consisting of Ni nanochains embedded in Al2 O3 was
recently proposed, as shown in Fig. 1.5A, which operates not entirely unlike a cermet.
The surface plasmon polaritons resonance of Ni is broadened by the chain structure.
The net result shown in Fig. 1.5B shows that the solar absorptance is larger than
90% and the thermal emittance loss is < 10% at 673 K [53]. This is equivalent to 92%
solar thermal transfer eﬃciency at 673 K and 100 suns illumination. A 2D planar
plasmonic integrated absorber/emitter was proposed to be able to function as both
selective solar absorber and selective thermal emitter, as schematically shown in Fig.
1.5C. As shown in the simulated spectra in Fig. 1.5D, the visible absorption of the
two enhanced absorption peaks are used to collect incident solar radiation, while the
IR absorption is used for selective thermal emission [54]. Since this operation mode is
distinct from more conventional selective solar absorbers, it is not meaningful to calculate a solar thermal eﬃciency here. It is also important for selective solar absorbers
to survive under high operating temperature. Nanostructures are particularly prone
to partially losing their structures upon heating, due to the small radius of curvature
associated with sharp nanoscale features. A possible solution to this dilemma may
be the strategy of using refractory plasmonics [55, 56].

1.3.4

PhC selective solar absorbers

A PhC is another type of selective solar absorber. PhCs are characterized by a
photonic band gap, a selected range of wavelengths that are strongly reﬂected. Combined with a suitable absorber, this can give rise to selective solar absorption. The
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Fig. 1.5. Plasmonic selective solar absorbers. (A) A schematic drawing of
the selective absorber with Ni nanochains embedded in Al2 O3 . (B) Reﬂectance spectrum of the selective absorber with Ni nanochains embedded
in Al2 O3 (blue line) shows high selectivity to avoid thermal reradiation
when operating at a temperature of 673 K. Panels (A) and (B) adapted
with permission from [53]. 2012, AIP Publishing LLC. (C) Schematic
drawing of the 2D planar plasmonic integrated absorber/emitter. (D)
Simulated absorbance spectrum of the integrated absorber/emitter. High
energy absorption peak and low-energy absorption peak for solar irradiance absorption and thermal emission, respectively. The low energy
absorption peak can be tuned by the dimensions of the patterning feature. Peak from left to right corresponds to L = 383 nm; W = 206 nm;
D = 83 nm; G = 27 nm/L = 393 nm; W = 230 nm; D = 79 nm; G =
24 nm/L = 404 nm; W = 252 nm; D = 73 nm; G = 23 nm/L = 396 nm;
W = 269 nm; D = 72 nm; G = 22 nm. Panels (A) and (B) adapted with
permission from [54]. 2012 IOP Publishing. All rights reserved.

absorption cutoﬀ can be tuned by adjusting the dimensions of the periodic structure, and thus shifting the photonic band gap. Furthermore, PhCs can also enhance
absorption via quality factor matching (Q-matching) [31,52,57,58]. According to coupled mode theory (CMT) [59], a cavity with a resonance frequency ω0 and absorption

12
quality factor Qabs , and coupled to a radiating mode with a quality factor Qrad has
an absorption spectrum given by the following:

A(ω) = 

4/ (Qabs Qrad )
2 
(ω−ω0 )
1
+ Qabs
+
ω0

1

2 .

(1.3)

Qrad

At resonance, maximum absorption can be obtained if Qabs = Qrad . A 1D multilayer stack [34] was recently proposed and a 1D V-shaped grating consisting of
similar multilayer structures was simulated by the same research group [60]. For certain parameters, 2D PhC selective solar absorbers may also have wide angle selective
absorption [36, 61]. This design was recently realized in experiment [6], as shown
in Fig. 1.6A. The optimized tantalum (Ta) PhC solar selective absorber can have
a thermal transfer eﬃciency of 66.4% at 1000 K when illuminated by 100 suns [6].
Combining a 2D PhC and a 1D chirped multilayer, an integrated PhC may have
extremely strong selectivity after optimization. High-quality 3D PhCs with strong
selectivity have also been fabricated [62], as shown in Fig. 1.6B, and can be potentially used as solar absorbers in STPV systems. For high temperature applications,
the PhC structure should be made of refractory materials. In a recent work [31], it
was suggested that W, Mo, tantalum (Ta) and Cr are the four refractory metals that
are most practical for large-scale, high-performance applications.
Clearly, high operating temperatures are required for high-performance STPV
systems. However, a strong overlap between the blackbody radiation and solar irradiance spectra at high temperatures makes it challenging to achieve both high
spectrally averaged absorptance and low spectrally averaged emittance ¯a . One option is to increase the solar concentration, so that the impact of a larger ᾱa can be
alleviated. It has been demonstrated that a 2D Ta PhC with moderate selectivity
has 82.8% thermal transfer eﬃciency under 1000 suns concentration at 1500 K [63].
However, 1000 suns concentration requires 2-axis precision tracking [64], adding more
complexity to the STPV system. Another less investigated option is designing a
highly selective solar absorber. The strong selectivity allows decent thermal trans-
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fer eﬃciency even under low solar concentrations (≤ 100 suns). This option keeps
the STPV system relatively simple. Therefore, the design and fabrication of highly
selective solar absorber for high operating temperature and low solar concentration
warrants further investigation.

Fig. 1.6. PhC selective solar absorbers. (A) Two-dimensional PhC selective absorber and selective emitter and their measured emittance spectrum [6]. (B) Scanning electron microscope picture of the 3D PhC fabricated by Fleming et al. Adapted by permission from Macmillan Pulishers
Ltd: Nature [62], 2002.

1.4

Selective thermal emitters
Selective thermal emitters play a major role in enhancing STPV system eﬃciency.

Without them, it is typically hard to reach eﬃciencies above a few percent. The reason
is as follows: in comparison to conventional solar power PV systems, STPV systems
convert concentrated sunlight into heat that is re-radiated by an emitter toward the
PV cell. Since the emitter's temperature is typically well below the temperature
of the sun (< 5500 K), the vast majority of the thermal emission lies below the
band gap of the PV converter. This implies that spectral shaping of emission is
necessary to enhance the emission of high-energy photons above the PV band gap,
while suppressing the emission of low-energy photons below the PV band gap.
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Accordingly, there are some general design requirements for selective thermal emitters to eﬃciently harvest heat energy generated from concentrated solar radiation.
Ideally, the selective thermal emitter should enhance the emission of photons with
energies above the band gap of the PV diode, while completely suppressing sub-band
gap photons. However, the restriction of the selective radiation band can be safely
neglected. The reason is that the spectral radiance of an arbitrary emitter whose
temperature is below 2500 K tends to fall oﬀ sharply for suﬃciently high-energy
photons. This suggests that thermalization of energetic electrons due to above-band
gap absorption is not a major loss mechanism in STPV, compared with solar PV.
Consequently, the largest losses are contributed by sub-band gap photons that are
not absorbed by the PV converter [30]. Another requirement is to have a suﬃcient
emission bandwidth above the band gap to produce a suﬃciently high open-circuit
voltage. In fact, there is an optimum nonzero emission bandwidth, for example, the
optimum emission bandwidth for an emitter at 2000 K was found to be around 0.07
eV [30]. One ﬁnal basic requirement for the selective emitter is to maintain mechanical and thermal stability under temperatures as high as 1500 °C for long periods of
time.
The above requirements can be satisﬁed using a variety of materials and structures.
Rare-earth elements such as erbium, thulium, ytterbium, samarium, and holmium
exhibit naturally selective emission with suﬃciently high melting points [15, 65–67].
These qualities make them good candidates for selective emitters for TPV systems.
Another class of materials that show high stability under high temperature operation
is refractory metals, such as W, Ta or molybdenum [31]. However, refractory metals
are known to have a wide emission spectrum and their respective TPV eﬃciency is
low, unless spectral shaping is introduced. It may be achieved by using cold-side ﬁlters [68], modifying the photonic density of states to achieve wavelength selectivity, or
combining emitter selectivity with a ﬁlter [31]. The 1D, 2D or 3D PhCs [52,62,69–71]
and metamaterials [54,56,72] are good examples of structures that can strongly modify the photonic density of states. In fact, among all of these approaches, 2D metallic
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PhCs have garnered the greatest interest for STPV systems [6, 7, 69], because of the
high abundance ranking of refractory metals, and the ability to preferentially tailor
near-blackbody emissivity at the designed wavelength range and suppress emission
outside. Indeed, high experimental eﬃciencies were obtained using integrated selective solar absorber emitter 2D PhCs. For example, STPV eﬃciency of ∼10% was
proposed by Nam et al. [69] using 2D Ta PhC, and 3.74% at 1000 K experimental
STPV eﬃciency was achieved by Rinnerbauer et al. [6]. A simpler, scalable, and
compact STPV system based on 1D Si/SiO2 PhCs has also been proposed with experimental eﬃciency of 3.2% [7]. Another potential candidate for selective emitters
is recently suggested using titanium nitride, as a refractory plasmonic material that
can maintain structural stability at temperatures as high as 833 K [56].

1.4.1

Rare-earth emitters

Rare-earth-based selective emitters were among the ﬁrst materials considered for
this application [13]. As was previously mentioned, rare-earth-based emitters have
naturally selective emission that can be matched to available PV cell technologies.
For instance, erbium oxide and ytterbium oxide can be fabricated either in a mantle
structure [66], coated on a foam ceramic [68] or on MoSi2 substrates [73], and can
be used as thermal emitters whose selective radiation band matches well with Si and
Ge PV cell band gaps. Fig. 1.7A shows the spectral matching between a mantle
ytterbium(III) oxide (Yb2 O3 ) emitter and Si PV cell. Rare-earth elements can also
be doped into rigid host materials, such as yttrium aluminum garnets [65], or fused
silica glass [74] and backed by a metallic reﬂector to prevent emission to the back
side. Although rare earth elements have their inherent natural selectivity, they still
show low spectral eﬃciency, caused by either intrinsic emission tails of rare-earths
at longer wavelengths, or by metallic back reﬂectors parasitic emission [65]. There
is also a trade-oﬀ between narrow linewidth emission from rare-earth atom dopants
versus rare-earth oxides with line broadening for greater overall thermal emission in
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bulk. Hence, incorporating rare earths into artiﬁcial structures could help ﬁne-tune
these characteristics, potentially enhancing their spectral eﬃciency. For example,
recent work has shown that improved spectral and TPV system eﬃciencies for rareearth-doped garnet emitters with GaSb PV cells can be achieved using the concept
of quality factor matching [75], as will also be discussed in Chapter 2 in more details.
Additional improvement is expected when the conventional metallic back reﬂector is
replaced by a quarter-wave dielectric stack (QWS), and a chirped dielectric ﬁlter on
top of the structure is integrated [75], as shown in Fig. 1.7B and 1.7. Metasurface
back reﬂectors are also suggested for emission enhancement of optically thin rareearth-doped glasses employing generalized Snell's law. The idea is to modify reﬂection
angles upon multiple bounces on the reﬂecting metasurface and eventually couple to
a surface mode to achieve complete absorption [74].

1.4.2

PhCs and metamaterial thermal emitters

As discussed previously, PhCs support a wide band gap that can be designed
to suppress sub-band gap emission. An example of a Si/SiO2 1D PhC is shown in
Fig. 1.8A and 1.8B. Resonant emission in metallic 2D PhCs can be engineered to
enhance useful emission via Q-matching [58]. An array of a W 2D PhC and the
tailored thermal emission is shown in Fig. 1.8C. Also, Kohiyama et al. proposed
a closed-end surface microcavity array to improve the emission quality factor and
hence suppress thermalization losses [76]. Three-dimensional PhCs are also proposed
as eﬃcient thermal emitters, either being an all–metallic structure, as ﬁrst proposed
in [62, 77], or with a metal-coated silicon or carbon scaﬀold for improved thermal
stability [71, 78]. Fig. 1.8E (inset) shows an example of a 3D metallo-dielectric
structure and the measured selective emission at 889 K is shown in Fig. 1.8E. On the
other hand, there are a number of fabrication challenges associated speciﬁcally with
multi-period 3D PhCs [79], which have encouraged the investigation of structures
simpler to fabricate.
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Fig. 1.7. Rare-earth emitters. (A) Yb2 O3 emission and the external quantum eﬃciency (EQE) spectrum of Si PV cell. The convolution with the
Yb2 O3 spectrum is shown between 0.6 and 1.4 μm wavelength [68]. (B)
A schematic of the high eﬃciency rare-earth emitter proposed in with
chirped-mirror. The bottom dielectric mirror is a QWS with reﬂection
centered at 1.47 μm. The top dielectric mirror has an exponentially
chirped period with up to 26 layers that reﬂects all the wavelengths from
2 to 4 μm. The ErAG wafer is assumed to be much thicker than the
dielectric layers surrounding it. (C) The calculated spectral emittance of
the structure is shown in (B). Panels (B) and (C) adapted with permission
from [75]. 2014, AIP Publishing LLC.

Metamaterials also can be optimized to support plasmonic resonances, which make
them perfect absorbers in a given frequency range [56]; by Kirchhoﬀ's law of thermal
radiation [80], which also makes them perfect emitters. It is also possible to design
wide-band emission spectrum by including diﬀerent sub-cell elements in the unit cell of
the metamaterial structure, as shown in Fig. 1.8F. Moreover, these types of emitters
can also be integrated with selective solar absorbers [6, 69].
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Numerical simulation of thermal emission from such complex electromagnetic
structures is essential to understand and optimize their performance. The direct
method of simulating thermal emission is based on the ﬂuctuation dissipation theorem [81]. The advantage of this method is that it captures the physical nature of
thermal emission from ﬂuctuating thermal currents, and models the emission, propagation and absorption of thermal radiation between bodies [82]. This makes ﬂuctuation thermodynamics particularly important to study near-ﬁeld thermal energy
transfer that is the essence of near-ﬁeld TPVs (NFTPVs) [82–85].
In other cases, particularly in the far-ﬁeld, the selective emission property of any
structure of a given material can be readily predicted by Kirchhoﬀ's law of thermal
radiation [80], which simpliﬁes the problem of simulating the random nature of thermal emission to that of designing a perfect absorber [86]. Indeed, this approach makes
it easier to optimize the structure's geometry to obtain near-blackbody emissivity at
the desired PV conversion energy band using the Q-matching concept. An example
of employing the Q-matching concept on a simple 1D structure is the vertical-cavity
enhanced resonant thermal emitter (VERTE) [87]. The concept of Q-matching can
also be used to design a 2D W PhC [70], and Ta PhC [69, 88], through controlling
the period, radius and depth of the PhC holes array to obtain maximum emissivity
at the microcavity resonance [31, 58]. Example of 2D PhC emittance spectrum is
shown in Fig. 1.8C. A survey of the TPV performance for diﬀerent refractory metals
that could be used as 2D PhC thermal emitters is provided in [31]. The Q-matching
concept is also used to enhance the emissivity of metamaterial emitters [54, 72].

1.4.3

Filters and photon recycling

Even with improved selective emitter designs, some parasitic emission generally
remains in the mid- and far-IR [68]. This sub-band gap emission is expected to cause
the greatest system eﬃciency losses [30]; thus, ﬁltering becomes necessary to significantly improve the STPV eﬃciency and reuse the unabsorbed low-energy photons.
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Fig. 1.8. Photonic crystal and metamaterial emitters. (A) Example of 1D
Si/SiO2 PhC, where an optimized number of layers exhibits the spectral
emissivity shown in (B). Panels (A) and (B) adapted with permission from
[52]. 2010 Optical Society of America. (C) Simulated normal emittance
for W PhC design I (r = 0.45 μm, a = 1.10 μm, d = 1.50 μm), W PhC
design II (r = 0.55 μm, a = 1.30 μm, d = 2.10 μm), W PhC design III (r
= 0.625 μm, a = 1.40 μm, d = 2.80 μm). Near–blackbody performance
below the cutoﬀ wavelength is clear compared with ﬂat W [57]. (D) A
polar plot of the average emittance below the cutoﬀ wavelength (i.e., λ ≤ 2
μm) for W PhC design II [57]. (E) (inset) Scanning electron microscope
image of the broken side of a 3D Si/Pt PhC [71]. The ALD Pt ﬁlm
covers the full 3D structure. (left) Spectral emittance measured for the
3D PhC at 890 K for diﬀerent exit angles. (right) Normalized radiant
intensity polar plot for several wavelengths. The dashed line represents
the blackbody curve [71]. (F) Designed metamaterial with wide-band
emissivity from [72] (blue curve) and EQE (red curve) of GaSb. Inset
shows a schematic of the metamaterial design with 16 sublattices. Panel
(F) adapted with permission from [72]. 2011 The American Physical
Society.

As a result, this topic has drawn a great deal of interest for a number of years [14].
Ideally, a ﬁlter should transmit all the radiation above the band gap and reﬂect all
sub-band gap emission. Such a requirement is hard to meet, but there are a number
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of structures that can provide a suﬃciently wide reﬂection band in the IR region.
Plasma ﬁlters based on transparent conducting oxides [81, 89] or semiconductors [90]
with plasma frequency adjusted to the band gap of the PV cell were suggested as edge
ﬁlters for TPV applications. An example of the reﬂection of an InN-based plasma
ﬁlter is shown in Fig. 1.9A. Another option is a dielectric 1D PhC, based on a
QWS [4, 91]. Metaldielectric 1D PhCs, with thin metallic layers, may provide even
larger photonic band gaps [92]. An example of the structure of a 1D ten-layer Si/SiO2
PhC and the corresponding reﬂectivity is shown in Fig. 1.9B. Plasma ﬁlter can be
combined with a QWS to suppress undesired emission at longer wavelengths [89].
Introducing chirping to the QWS period can also provide larger coverage of the stopband. However, the aforementioned types of ﬁlters generally exhibit secondary lobes
just outside the photonic band gap and harmonics at shorter wavelengths that results in reduced transmission over a wide range of the pass-band. An eﬀective, but
expensive, way to achieve near-perfect performance is to introduce continuous sinusoidal variation of the refractive index by including mixtures or alloys of the two end
materials, known as a rugate ﬁlter [15, 93]. Although fabrication of an ideal rugate
ﬁlter is challenging, an alternate method is to quantize the refractive index sinusoidal
function into a ﬁnite set of piece-wise constant index materials [94]. Fig. 1.9C shows
four possible designs of the discretized rugate ﬁlter with six materials along with the
corresponding equivalent index and stop-bands of the four designs, as proposed by
Carniglia [94].
The advantage of these ﬁlters is not only to reduce parasitic emission, but also
to recycle low energy photons by reﬂecting them back to the emitter [52]. Eﬀective
recycling of sub-band gap photons leads to a noticeable improvement in the TPV
system eﬃciency. Although the previously mentioned types of ﬁlters were originally
designed to be placed at the cold side, which is just above the PV cell or as part of
its back reﬂector [95], an integrated emitter-ﬁlter is suggested, as will be shown in
Chapter 2, for improved spectral eﬃciency of rare-earth emitters [75]. The concept
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can be applied to any type of selective emitters, including 2D PhCs, after ﬁlling their
holes with a supportive dielectric for mechanical stability [96].

Fig. 1.9. Types of ﬁlters used in STPV systems. (A) The reﬂection of an
InN-based plasma ﬁlter, the plasma wavelengths of 1.7 and 2.5 μm corresponding to the band gap of GaSb and GaInAsSb PV cells, respectively.
Eg represents the band gap of InN. Panel (A) adapted with permission
from [90]. 2002, AIP Publishing LLC. (B) An example of a 1D tenlayer PhC (a), described as L/2 H(LH)4 , where L and H represent quarterwavelength thick layers of SiO2 (low refractive index) and Si (high refractive index), respectively, while L/2 represents half-quarter wavelength
thick layer of SiO2 and the corresponding normal incident reﬂectance of
1D Si/SiO2 L/2 H(LH)4 PhC and the spectra emissive power of a blackbody radiator at 1500 K (b). Adapted from Mao and Ye [91]. (C) (Top)
Four ways of approximating a rugate ﬁlter by a stepped index design. The
continuous curves correspond to an index proﬁle in which the log of the index is sinusoidal. (Bottom) Herpin-equivalent (eﬀective medium) index of
the four six-material designs in the vicinity of the stopbands. The curves
are labeled with letters corresponding to their representation in the top
ﬁgure. The stopbands themselves are shaded. Panel (C) adapted with
permission from [94]. 1989 Optical Society of America.

1.4.4

Near-ﬁeld TPV

An inherent limitation of far-ﬁeld TPV conversion is the low output power dictated
by the blackbody limit. Thus, near-ﬁeld power conversion is a potential strategy to
enhance the output of TPV systems [82, 97]. In contrast with far-ﬁeld TPV power
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conversion, bringing the emitter closer to the PV cell (nano- or micro-scale separation
distances) allows tunneling of evanescent surface modes. These new channels of energy
transfer could potentially enhance thermal emission and overcome the blackbody
limit [85, 98, 99]. In fact, the increased radiative heat transfer between two metallic
surfaces in proximity due to contribution of evanescent waves was measured in the
late 1960s [100, 101]. In 1971, near-ﬁeld heat transfer was theoretically explained by
Polder and van Hove [102], based on the stochastic electrodynamics framework of
Rytov et al. [103–105].
For TPV conversion, DiMatteo et al. [106] pioneered an early realization of microngap near-ﬁeld thermal transfer between an InAs-based prototype PV diode and a
silicon heater chip fabricated using micro-electro-mechanical system techniques to
control the micron-gap separation between the heater and the PV diode. An observed
ﬁve fold increase in the short-circuit current was interpreted as an evanescent-coupling
eﬀect on the heat transfer. In 2005, DiMatteo et al. [107] provided a conclusive
assessment of their proposed micron-gap TPV experimental setup by carrying out
measurements at higher temperatures, increasing the area and current capacity of
the PV diode array, and minimizing associated thermal conduction losses by using
tubular spacers. They found the output power was highly dependent on the series
resistance, shunt resistance and temperature of the PV diode, suggesting a need
to redesign PV diodes for higher current capacities, as well as the need to develop
thermal emitters and maintain high temperature diﬀerence under such small spacings
with minimized heat conduction contribution. Similarly, Hanamura and Mori [108]
measured the radiated power for nanoscale gaps for a contactless system of a GaSb
cell and a W emitter. A remarkable increase in the output power was noticed at gaps
< 1 μm.
In fact, the design of a nano-gap TPV system is aﬀected by three kinds of losses
that may dominate according to the speciﬁc system designs. These losses are radiative losses, electrical losses and thermal losses. Radiative losses are considered in
diﬀerent studies [97, 98, 109, 110], with the suggestion of using a graphene layer in
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the PV cell for better coupling [110]. Electrical losses in NFTPV systems were also
studied thoroughly by Park et al. [111], with the conclusion that smaller gaps do not
always lead to improved conversion eﬃciency; nevertheless, diﬀusion and recombination losses reduce the eﬃciency by 5-10% as predicted in their model, and decreases
for vacuum gaps < 10 nm. For such small gaps, more radiation is absorbed near
the surface, which creates increased surface recombination. The third kind of loss
comes from increased PV diode temperatures, which suggests a need for eﬀective PV
thermal management [112]. The combined eﬀect of the three kinds of losses has been
studied by Bernardi et al. [85]. A unifying solution comes from spectral shaping of the
radiator. In a related development, Molesky and Jacob [83] suggested introducing a
matched van Hove singularity in the absorbing photocell-emitter pair to signiﬁcantly
improve eﬃciencies. Similarly, properly designed thin ﬁlm emitters and receivers
give rise to thermal analogs to quantum wells [113], known as 'thermal wells', which
may improve power conversion eﬃciency. Finally, refractory hyperbolic metamaterials (HMM) [114] are good candidates for near-ﬁeld thermal energy transfer. HMMs
can be realized in either a multilayer structure of alternating subwavelength metallic
and dielectric layers, or in a metallic nanowire structure embedded in a dielectric
medium. The hyperbolic dispersion behavior exhibits enhancement of high momentum components that act as energy channels for evanescent modes. Access to these
high momentum channels is the key to achieve super-Planckian heat transfer between
bodies in near proximity.
NFTPV is a technically challenging yet theoretically promising approach to converting heat to electricity. With all the ongoing research in this area, an optimum
design of an eﬃcient NFTPV can boost the eﬃciencies dramatically, although experimental investigation of the realization of NFTPV generators is still under study.
Hence, eﬃcient cooling strategies for the PV cell, as well as the capability to maintain
precise alignment between emitters and receivers with small gaps, while minimizing
conducting losses, and ﬁnding the optimum design of the PV converter are the main
challenges of this technique.
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1.4.5

Angular selectivity

In standard solar PV, the PV cell receives radiation directly from the sun,which
can mostly be considered as a narrow angle source with almost normal incidence on
the cell. Conversely, in STPV, the PV cell receives radiation from an emitter that is
close to its surface, thus, the PV cell receives radiation from all angles. Consequently,
the angular distribution of thermal emission is a nontrivial factor in determining the
STPV eﬃciency [115]. Interestingly, the structure of the selective emitter has a big
impact on the angular selectivity. A ﬂat blackbody, for example, follows the Lambert's cosine law of radiation, thus, uneven emission is attained from diﬀerent angles,
whereas angular emission can be tailored using more complex structures. For example, the VERTE structure described in [87] exhibits narrow angular thermal emission
lobes for the corresponding defect resonant wavelengths. Two-dimensional PhCs also
exhibit angular selectivity for normal incidence and a high emissivity is observed for
all angles below the diﬀraction threshold, as shown in Fig. 1.8D. For larger angles,
more radiation channels become available through diﬀraction, and the Q-matching
condition is destroyed, causing emission reduction [57]. Chou et al. [61] proposed
to ﬁll the holes of the 2D PhC with higher index material to eﬀectively push the
diﬀraction threshold to 90 degrees, while maintaining a constant cutoﬀ wavelength.
Interestingly, broadband angular selectivity was theoretically and experimentally illustrated by Shen et al. [116], where the Brewster modes were preserved across a
broadband spectrum by engineering the overlap between the band gaps of multiple
1D PhCs.
To achieve the highest possible conversion eﬃciencies, the view factor between
the thermal emitter and the PV diode should be maximized. Hence, the emitter is
usually placed in proximity to the PV diode. This arrangement often requires an efﬁcient cooling for the PV diode to maintain high conversion eﬃciencies and lifetimes.
Another possible strategy is to control the directionality, as well as the spectral selectivity, of the thermal emission over the emitter's surface, so that a wide-area emitter
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can be placed further away from the PV diode, while maintaining a highly eﬀective
view factor. Employing surface elements, such as metallic gratings, can provide the
required angular selectivity at the desired wavelengths [117]. Hence, studying thermal
emitter structures with directional and spectral selectivity properties will pave the
way toward this proposed thermal lensing eﬀect.

1.5

PV diodes options and performance
The last step of STPV energy conversion is to convert the thermal energy radiated

by thermal emitter into electricity via a PV diode. Understanding the fundamental
physics and design constraints of PV diodes is very important to achieve highly efﬁcient STPV systems. The eﬃciency of a solar cell is quantiﬁed by the fraction of
input power that converts to electricity and is deﬁned as:

ηtpv =

JSC VOC F F
,
Pin

(1.4)

where Pin is the radiatively emitted power density from the selective emitter; JSC is
the short circuit current density; VOC is the open circuit voltage and FF is the ﬁll
factor, deﬁned as the quotient of the maximum power of the solar cell and the product
of VOC and JSC [118]. A typical PV system absorbs sunlight and directly converts
it into electricity by generating, dissociating and collecting electron hole pairs at the
front and back contact, respectively. Various losses may occur, reducing the performance of the PV system; among them, typically sub-band gap and thermalization
losses dominate [119]. These loss mechanisms could be eliminated by employing ideal
selective thermal emitter, as discussed in the preceding section.
The typical operating temperature of selective thermal emitter ranges between
1000 and 1800 K. According to Planck's blackbody spectrum and Wien's displacement law, the emission peak coincides with band gap energy Eg of PV diodes at a
temperature TBopt , which is given by [7]:


TBopt ≈ 2336 K · eV−1 Eg .

(1.5)
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Unlike the optimum band gap energy (∼1.3 eV) derived from the ShockleyQueisser limit in PV applications [10], the emission peak often falls in the IR region
at reasonable operating temperatures. This fact indicates that PV diodes with low
band gap energy (< 1 eV) should be used in STPV systems to ensure good overlap between diode absorption band edge and a selective emission spectrum. Combined with concentrated sunlight, STPV systems may exceed the Shockley-Queisser
limit [30, 31, 120].
The conventional cell structure of a PV diode can be either an n-doped emitter
deposited on p-doped base (n-p), or a p-doped emitter layer grown on an n-doped
base layer, as illustrated in Fig. 1.10A and B, depending on the favored dopant type
of substrate. The front and back contacts are designed to collect positive and negative
charges with low resistivity. Anti-reﬂection coating layers are usually placed on top
of the cell to minimize reﬂected incident spectrum, and typically are made of SiO2 ,
magnesium ﬂuoride (MgF2 ) and so on. The heavily doped window layer and back
surface ﬁeld layers create large band oﬀsets at the emitter and base layer to block the
minority carriers from diﬀusing to the wrong contact and recombining with majority
carriers. c-Si, Ge-based solar cells typically employ the n-p conﬁguration since the
substrate is naturally p-doped. GaSb cells usually adopt a p-n structure, with a
typical tellurium-doped n-type GaSb substrate on the bottom. By employing a back
contact with good reﬂectance to enhance photon recycling, Geisz et al. demonstrated
a rear junction structure for III-V materials as seen in Fig. 1.10C, which produces
similar and even better performance compared with traditional structures [121].
We now consider the semiconductor materials used in the PV diode of TPV systems, including STPV. The availability of inexpensive, earth-abundant, and highquality cells made c-Si historically the ﬁrst choice for TPV and STPV applications [122, 123]. However, the band gap energy of c-Si is about 1.1 eV, which indicates that the emission peak of a blackbody emitter would never overlap with the
band edge of the material, unless the emitter temperature goes above 2500 K. To date,
no thermal emitter in the literature has been demonstrated to operate eﬃciently and
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Fig. 1.10. Cross-sectional view of conventional cell structures of a PV
diode. (A) Traditional n-type emitter on p-type base structure with p-type
substrate. (B) Traditional p on n conﬁguration with n-type substrate. (C)
Thin-ﬁlm III-V back-junction structure with high reﬂectance back contact
to enhance photon recycling.

sustainably at this temperature range. This mismatch between the spectral range of
emission and band edge of c-Si may introduce substantial sub-band gap losses and
operational ineﬃciencies. A silicon solar cell-based TPV system employing Yb2 O3
thermal emitter with an eﬃciency of 2.4% was demonstrated by Bitnar et al. [123],
which is far from the thermodynamic limit TPV eﬃciency at this band gap [120].
However, with selective emitters, recent simulation work has shown that Mo-based
2D PhCs may achieve a reasonably good eﬃciency of 26.2% at moderate temperatures
(e.g., 1573 K) [31]. Nonetheless, despite the fact that cost eﬀective c-Si solar cells
have been commercialized globally, they are not the best candidate to optimize the
PV diode performance in TPV systems, without further improvements in selective
emitter technology.
Fabricating diodes for STPV systems with a Ge substrate is an alternative approach, since it is a relatively inexpensive material that has low-band gap energy
(Eg = 0.66 eV) and excellent crystal quality in a large-size wafer [124]. Meanwhile,
the low-cost fabrication process of Ge PV cells also appeal to industrial production [125]. It was reported by Fraunhofer that a Ge-TPV cell illuminated by Er2 O3
selective emission only has an eﬃciency of 5.34% [126]; nonetheless, its electricity cost
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could be competitive, given favorable assumptions of system eﬃciency and photocell
costs [125].
GaSb is also an option for the main PV diode of an STPV system, with its low
band gap energy of 0.72 eV. Compared with Ge and c-Si, GaSb has shown a signiﬁcant
advantage in cell eﬃciency. Bett and Sulima [127] stated that eﬃciencies of about
30% were achievable for blackbodies at temperature ≥ 1300 K, assuming a perfect
ﬁlter matched to the band edge of GaSb. However, a PV diode cannot be completely
thermally isolated from the emitter in a realistic TPV system. It is expected that
diode performance may degrade due to the rise of temperature. For a zinc-diﬀused
cell, values as low as −1.4 mV/K for VOC and 0.099%/K for the FF were identiﬁed
between 25 and 75 °C [128]. Finally, Fraas recently studied the potential fabrication
costs of GaSb cells over time and reported that extrapolation to production volumes
beyond 1 MW implied a substantial eventual lowering of costs [129].
Another option is Inx Ga1−x As which is a ternary composition material whose band
gap ranges from 0.4 to 1.4 eV during the epitaxial growth by varying the indium composition, allowing optimization of band gaps for various applications. For instance,
2% of the 1473 K blackbody energy comes from photons with energy above 1.1 eV (Si)
versus 15% of which above 0.72 eV (GaSb) and 35% of which above 0.55 eV InGaAs
cells [130]. Recent work has shown that high-quality lattice-matched InGaAs (0.74
eV) could reach external quantum eﬃciency (EQE) above 90% over a wide spectral
range [131]. Cost remains a big concern in InGaAs based PV cell applications, not
only because of its ternary composition, but also the sophisticated epitaxial growth
recipes for the band gap of 0.55 eV. Thus, a trade-oﬀ remains between complicated
epitaxial growth and the eﬃcient use of emission spectrum over a reasonable emitter
operating temperature range.
One of the major concerns of the PV diode in the STPV system is how much the
emitted spectrum overlaps with the quantum eﬃciency spectrum of the PV diode. It
is worth exploring various ternary III-V low Eg PV materials to achieve ultra-high
conversion eﬃciencies. In the STPV system, the radiation density being incident on
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PV diode could be much higher than the solar irradiation intensity. Thus, it is also
required that series resistance needs to be minimized, so that illuminated I-V characteristics of PV diode does not degrade severely under high radiation density [132].
Moreover, inside the STPV system, it is necessary to have an eﬃcient cooling system
to prevent degradation of the PV diode performance. Therefore, its substrate needs
to be not only highly reﬂective to enhance photon recycling, but also be thermally
conductive. Last but not least, cost-eﬀective design of the PV diode is always one
of the highest priorities in commercialization. Achieving the best possible performance may require expensive epitaxial growth of low Eg III-V materials, such as
GaSb. Thus, approaches to signiﬁcantly reduce the process cost while maintaining
high performance warrant detailed study.

1.6

Strategies for system integration

1.6.1

Experimental approach

An STPV system integrates multiple components. Therefore, careful engineering
of the integration is as important as the optimization of each component in isolation.
In this section, we will discuss three key aspects of system integration strategies:
(i) the area ratio between the solar absorber and thermal emitter; (ii) the thermal
management of a realistic STPV system and (iii) the measurement and calibration of
both the components and the system as a whole.
In most cases, the solar absorber and the thermal emitter are assumed to be in
perfect thermal contact. So in equilibrium, we have:


Aa ᾱa (Ta )Isolar − k ¯a (Ta )Ta4 = Ae k a (Te )Te4 ,

(1.6)

Ta = Te = T,

(1.7)
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where Aa and Ae are the area of the absorber and the area of the emitter respectively; T is the temperature of the absorber/ emitter; Isolar is the concentrated
solar power incident on the selective absorber and ¯e (T ) is the spectrally averaged
emittance of the thermal emitter. The previous equation shows that the equilibrium
temperature T is dependent on both the absorber area and emitter area. In other
words, T is dependent on the area ratio β = Ae /Aa . For a speciﬁc STPV system,
there will be a β value that optimizes the eﬃciency under a given solar concentration [7]. This is because increasing β decreases the equilibrium temperature of the
absorber/emitter structure. Lower temperature gives higher thermal transfer eﬃciencies, but lower STPV eﬃciencies. The two competing factors give rise to an optimal
β. Higher solar irradiance will increase this optimal value. For a solar concentration
as high as 1000 suns, should be as large as 16 for the best performance [30]. On
the system level, thermal management of the entire STPV device is critical for high
performance, but oftentimes is neglected in conceptual work. Here, we discuss the
thermal management necessary for each component in a STPV system.
To prevent any conduction or convection loss from the hot-side emitter to the
cold-side receiver (PV diode + ﬁlter), STPV systems should be placed in a vacuum
environment. Typically, a vacuum chamber providing vacuum better than 103 Torr
should be suﬃcient [7]. The vacuum environment can also prevent oxidization of the
high temperature absorber/emitter.
For high-performance STPV systems, it is preferred to have focused solar irradiance. Focusing the incident sun light, however, is not simple. The optics used to
focus the solar irradiance needs to have uniform focusing eﬀect for a broad wavelength
range and endure high temperature. Recent work proposed to use an optical funnel
with mirror ﬁnished inner surface to concentrate incident sunlight [7]. The geometry
and dimensions of the optical funnel should match the selective solar absorber for
best performance (e.g., a square solar selective absorber requires a pyramid shape optical funnel, with an equally sized narrow square end). Nevertheless, more advanced
and eﬃcient optical concentration strategies, such as non-imaging concentrators pro-
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posed by Winston [133], could boost STPV conversion eﬃciencies. Furthermore, in
real applications, precision tracking is important to maximize the solar concentration
eﬃciency [64, 134].
In order to achieve high eﬃciency, it is also important to minimize the conductive
heat loss from the solar absorber/ selective emitter (at 1573 K) through its holder.
This requires minimal thermal contact area, cross-sectional areas, and low thermal
conductivity material(s) for the holder. However, most thermal insulating materials
like high-alumina [135] are too brittle to machine when making small thermal contacts.
Careful design of the absorber/ emitter holder is one of the key factors required for
high-performance STPV systems.
According to previous studies, the view factor from the thermal emitter to the
PV diode is an important factor for both useful emission collection and the photon
recycling of sub-band gap emissions. A high-performance STPV system should aim
for a separation between the emitter and the PV diode of <5% of the edge length
to achieve a view factor >0.9 (e.g., when the dimensions of the emitter and the PV
diode are both 10 mm × 10 mm, a separation <500 μm) [136]. This requirement
constrains the system design greatly. Given that the optical funnel needs to be
placed in proximity to the solar absorber as well, the thickness of the absorber/
emitter holder is very limited, and can be diﬃcult to machine. Given a narrow
separation, the alignment between the absorber/emitter and the PV diode can be
challenging as well. However, it has been proved that a z-axis stage is capable of
maintaining a separation as small as 300 μm [7]. The challenge of the alignment can
also be alleviated by adding a thermally insulating waveguide, made, for example, of
dielectric PhCs, between the emitter and the PV diode. The eﬀective view factors
for both receiving useful photons and recycling subband gap photons can ideally
approach unity, without requiring the emitter to be extremely close to the PV diode.
Considering the losses due to multiple reﬂections within the waveguide, it would be
best to minimize the use of photon recycling. Therefore, a highly selective thermal
emitter should be the best ﬁt for a waveguide-assisted STPV system.
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In complete contrast with the absorber/emitter holder, the PV diode holder needs
to be an excellent thermal conductor or heat sink, to cool the PV diode. One main
reason for this requirement is that the PV diode power generation can be signiﬁcantly
impaired at high temperature. Given a ﬁnite series resistance, the short circuit current
ISC measured may be substantially lower than the light generated current Il , due
to the strongly temperature-dependent dark current. Therefore, it is important to
control the PV diode temperature. However, for long-term operation, a small, isolated
heat sink will quickly reach thermal capacity. Thus, either passive or active cooling
should be added to the PV diode holder. In passive cooling strategies, an eﬃcient
thermal path needs to be created between the PV diode holder and the ambient by
directly connecting the PV diode holder to the sidewalls of the vacuum chamber.
Therefore, passive cooling strongly depends on the ambient temperature and the
eﬃciency of the thermal path. On the other hand, active cooling strategies are capable
of stabilizing the PV diode temperature at a certain level with better control. The
most common active cooling method is cycling coolant through the PV diode holder
[26, 137, 138]. Thermoelectric cooler like vacuum compatible Peltier coolers are easier
to implement, since there is no risk of coolant leakage.

1.6.2

Packaging for commercial deployment

STPV devices, having no fuels or chemicals to store, can be much lighter in weight
and quieter during operation than traditional power generation devices. Therefore,
STPV has signiﬁcant potential for mobile or human-portable power production. Furthermore, a comparison with concentrated multi-junction PV systems reveals at least
three potential advantages of STPV:
1. STPV involves an intermediate thermal medium, which allows for low-cost storage that improves the dispatchability of energy supply over the course of a whole
day [7, 69].
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2. The nonuniformity of illumination and spatial distribution of irradiance in
concentrator multijunction PV technology requires complex optical system design [139, 140]. Lattice and current matching are major challenges for multijunction PV, which impact cost and reliability. These problems become more
acute with an increasing number of junctions and novel fabrication techniques
processes, such as inverted metamorphic growth [141]. By contrast, STPV
systems are less sensitive to the variations in the spectral content of the concentrated illumination, and have potential to reduce sensitivity to spatial variation
through highly conductive materials.
3. The ultimate solar-to-thermal eﬃciency for STPV system is 85%, which closely
approaches the Carnot limit [18, 29, 69, 142]. In order to achieve the ultimate
thermodynamic limit of multi-junction PV eﬃciency, it requires the total number of junctions to be arbitrarily large.
Furthermore, when the fabrication scales up, not only the cost eﬀectiveness will
be improved, but also the system conversion eﬃciency, based on prior experience in
single junction PV manufacturing [129]. Based on the comparisons listed above, it
is obvious that for certain applications, STPV may be a better option. Therefore,
high-performance STPV may become an important power generation strategy in the
future. However, to achieve these desirable applications, more work needs to be done
regarding the packaging design, manufacturing and reliability of STPV devices. For
the sake of handling and transport, it will be helpful to design the entire STPV device
monolithically. This is possible because all the components of an STPV device are in
solid state (except for the vacuum gap between the emitter and the PV diode) and
have planar structures. The material of the packaging can be thermally insulating
to isolate the high temperature absorber/emitter. For the large–scale manufacturing,
Fraas has recently pointed out that the cost of the PV diode (GaSb) circuits in TPV
systems will be aﬀordable when the volume is above 1 MW [129]. Since many STPV
devices also use GaSb PV diodes, these estimates hold here as well. As for the large
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scale production of selective absorbers/emitters, further research is still needed to
determine the best strategy of making commercial devices that have both decent
performance and aﬀordable costs.
Since the performance of an STPV device is strongly dependent on each component and the integration of the various parts, it is also important to understand
its reliability physics. There are several failure mechanisms, such as vacuum leakage
through the packaging, absorber/emitter structural degradation at high temperature
and the PV diode degradation. The vacuum leakage may cause strong heat exchange
between the emitter and the PV diode via convection and conduction, lowering the
conversion eﬃciency and degrade the PV diode rapidly with inadequate cooling.
For nano/microstructured selective absorber/ emitters, the reliability issue also
occurs at high temperatures. All–metallic nanostructures can degrade at temperatures much lower than the bulk metal melting point. Experiments have shown
that nano- and micro-structures degrade under high temperature exposure for long
times [143–146]. Diﬀerent mechanisms can lead to such degradation, including chemical reactions [71, 88, 145], recrystallization [36, 143] and surface diﬀusion [147, 148].
These structural degradation processes could eventually remove the ﬁne features of
the structure. This change may shift the resonance peaks, reduce the maximum
emissivity [147] and thus reduce the STPV system eﬃciency. Fortunately, several
techniques can be used to reduce the eﬀects of these degradation mechanisms. Basically, oxidation could be greatly reduced by vacuum packaging [115, 145]. Protective
layer coatings, for example, hafnium oxide (HfO2 ) and SiO2 [6, 71, 146], could also
greatly alleviate unwanted reactions. Moreover, using high purity, single crystalline
metals [45], or pre-annealing of polycrystalline metals [145] may help in reducing
recrystallization and grain growth eﬀects. Hafnia-plugged PhCs [145] and initially
curved microstructure corners [147] have been shown to be helpful in addressing surface diﬀusion problems. Another technique to improve thermal stability of 3D PhC
structures is scaﬀolding metallic coatings on high-temperature materials like silicon
and carbon [71, 78], while optionally utilizing high temperature dielectric adhesion
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layers. Fig. 1.8E is an example of a Si scaﬀold with a platinum layer deposited on
top (inset), as given in [71], and its spectral emissivity at high temperature. Degradation of the PV cells that may be accelerated by extreme conditions including high
temperatures and humidity include corrosion, discoloration, delamination and breakage [149]. Clearly, further investigations regarding the reliability of STPV components
are critical to facilitate widespread deployment of STPV.
Although the concept of STPV and its key components have been investigated
for many years, full system integration and commercialization are still at an early
stage. Nevertheless, making STPV practically useful in a reasonable time frame is
an important topic. Current STPV experiments require at least high vacuum. Such
condition may be replaced by back-ﬁlled inert gas, but further investigation is needed
to assess the increase in convective thermal losses and overall impact on reliability. A
water jacket, which is a widely used PV diode cooler in current STPV experiments,
may also be replaced by novel cooling strategies that are more compact and have
less or zero power consumption. Together with the system packaging and reliability
discussed above, these open problems are future research topics that may lead to the
commercialization of STPV systems, and thus will warrant further attention.

1.7

Summary
In summary, it is clear that a broad variety of approaches can be brought to bear

on the problem of STPV. Overall, an end-to-end perspective is critical to addressing the substantial remaining gap between theoretical predictions and experimental
performance in STPV systems. It is clearly crucial to simultaneously design the selective thermal absorber based on the solar concentration and operating temperature
available; the selective emitter based on the operating temperature and emitter band
gap; and the PV absorber based on the ﬁlter and PV band gaps and operating temperature. Some highest-performing selective absorbers include cermets, which should
be capable of up to 86% under 100 suns and 1000 K in a multilayer W/alumina
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cermet structure [47]. The best TPV system observed to date can give up to 23%
eﬃciency around 1050 °C, with potential for up to 50% conversion at reasonable temperatures [30]. In short, the potential space of operation is fairly large, which opens
up the ﬁeld to a range of approaches. Nonetheless, it is critical for those designing
particular components to understand the interaction with the entirety of the system
and the operating conditions to make signiﬁcant progress toward higher eﬃciencies.
Given the performance already achieved for the individual components to date, it
seems clear that STPV eﬃciencies well over 10% should be achievable in the near
term.

1.8

This thesis
The design of an STPV system requires careful design of thermal emitters and

solar absorbers with special attributes. The focus of this thesis is to provide potential
designs to improve eﬃciency of STPV systems as well as other applications that depend on thermal radiation. This thesis will use a photonics-based approach to achieve
these functionalities through employing a combination of materials and structures.
The following introduces the contribution of each chapter and its signiﬁcance to TPV
applications as well as other applications.
• Chapter 2 deals with the problem of parasitic emission of sub–badgap photons.
A high eﬃciency TPV system is proposed by introducing an integrated chirped
ﬁlter to a naturally-selective emitter.
• Chapter 3 addresses the tradeoﬀs associated with the design of eﬃcient solar
absorbers. In chapter 3, a rare earth doped solar absorber design is combined
with a highly selective thermal emitter from Chapter 2 to enhance eﬃciencies
of STPV systems.
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• Chapter 4 introduces symmetric-sensitive directional thermal emitters based
on metallic gratings. The proposed structures are the ﬁrst step to design ﬂat
thermal emitters with emission focusing capabilities.
• Chapter 5 combines the concepts of angular and spectral selectivity, and introduces a spectrally-selective collimated radiation. The eﬃciency of TPV systems
with restricted angular emission using the proposed design is studied.
• Chapter 6 provides a more in–depth understanding of the concept of anglerestricted thermal emission and its potential in enhancing view factors. Fanoresonant structures are analyzed in the light of the coupled mode theory, as
potential emitters with angle-restricted properties.
• Chapter 7 proposes the use of photonic resonant structures in a complementary situation, where radiated heat is prevented from reaching a given target.
This problem has the potential to enhance signal–to–noise ratio in detector systems like IR telescopes, and improve radiative cooling eﬃciencies by excluding
absorption of the direct solar component.
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2. HIGH-EFFICIENCY THERMAL EMITTERS FOR TPV
In this chapter, a rare-earth-based ceramic thermal emitter design is proposed to boost
TPV eﬃciencies signiﬁcantly without cold-side ﬁlters at a temperature of 1573 K
(1300 °C). The proposed emitter enhances a naturally-occurring rare earth transition
using Q-matching, with a quarter-wave stack as a highly reﬂective back mirror, while
suppressing parasitic losses via exponential chirping of a multilayer reﬂector transmitting only at short wavelengths. This allows the emissivity to approach the blackbody
limit for wavelengths overlapping with the absorption peak of the rare-earth material, while eﬀectively reducing the losses associated with undesirable long-wavelength
emission. We obtain TPV eﬃciencies of 34% using this layered design, which only
requires modest index contrast, making it particularly amenable to fabrication via a
wide variety of techniques, including sputtering, spin-coating and Plasma-Enhanced
Chemical Vapor Deposition (PECVD) 2 .

2.1

Introduction
As discussed earlier in Chapter 1, spectral shaping is necessary to suppress sub-

bandgap photon emission and enhance photon emission with energies larger than the
bandgap of the PV cell [30, 68]. These two requirements can be achieved by using
selective emitters and ﬁlters [115]. One possible approach to design such a selective
emitter is the use of 1D, 2D, and 3D photonic crystals [30, 70, 87, 150]. Another
2

Adapted from:
• E. Sakr, Z. Zhou, and P. Bermel, “High eﬃciency rare-earth emitter for thermophotovoltaic
applications,” Applied Physics Letters, vol. 105, no. 11, 2014.
• E. Sakr, Z. Zhou, and P. Bermel, “Enhancing selectivity of infrared emitters through qualityfactor matching,” in Proceedings of SPIE - The International Society for Optical Engineering,
vol. 9608, 2015.

39
approach is based on rare-earth emitters that naturally display selective emission at
certain wavelengths, which can be matched to available PV cell technologies.
An example based on rare-earth ceramic selective emitters was investigated in
Chubb's work [65, 151], in which the Erbium-doped Aluminum Garnet (ErAG), was
shown to have the largest extinction coeﬃcient at 1.47 μm and 1.53 μm; hence, by
Kirchoﬀ's law of thermal radiation [80], an optically-thick ErAG ﬁlm on a Platinum
substrate produced selective spectral emittance around 1.5 μm at a substrate temperature of 1635 K. However, the radiative eﬃciency alone was as low as 20% at
a substrate temperature of 1635 K [65], and a signiﬁcant parasitic long-wavelength
emission tail was present, despite the very low extinction coeﬃcient of the ErAG in
the range from 2 μm to 5 μm. This is mainly caused by the use of a thick ErAG ﬁlm
to achieve high emittance at shorter wavelengths, as well as Ohmic losses from the
platinum substrate.
In this work, a much higher eﬃciency ErAG emitter structure is introduced, which
both enhances emission for energies above the bandgap and suppresses emission below
the bandgap. It is also top-surface emitting, so that emission is directed almost
exclusively towards a single set of PV cells above. To achieve this performance, we use
a high-temperature dielectric mirror [152] as a substrate and a partially transmissive
dielectric mirror on top of the ErAG ﬁlm. Following previous work [87], the loss rate in
the ErAG is matched to the loss rate of the partially transmissive dielectric mirror on
top of the structure; this process is referred to as Q-matching [59,153], and yields nearblackbody emissivity. Furthermore, an exponentially chirped multi-layer dielectric
ﬁlter can be placed on top of the ﬁlm to suppress a signiﬁcant part of the sub-bandgap
emission, while transmitting above-bandgap photons. The proposed ErAG emitter is
suitable for operation with GaSb PV cells. Assuming reasonable PV cell performance,
the theoretical TPV eﬃciency is shown to reach 34%. Such a multi-layer structure
can be fabricated using diﬀerent deposition techniques without lithographic processes
used in comparable photonic crystal structures proposed recently with minimized
parasitic losses [154]. Comparable examples of fabricated silicon dioxide (SiO2 ) /
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titanium dioxide (TiO2 ) multi-layers using reactive magnetron sputtering [155–158],
sol-gel methods combined with spin-coating [159–161], and PECVD [162] have been
demonstrated.
The chapter will be organized as follows: Section 2.2 explains the details of our
methodology for calculating selective emitter spectra and the resulting TPV system
eﬃciency. Section 2.3 discusses various approaches to improve the eﬃciency of the
ErAG emitter, including the high-eﬃciency ErAG emitter design proposed in this
chapter, with the results for the spectral emittance and TPV eﬃciency. A discussion
of the signiﬁcance of these results is provided in section 2.4, and ﬁnally, the key
conclusions are provided in section 2.5.

2.2

Methodology
To simulate multi-layered structures for our selective emitters, we use the Stanford

Stratiﬁed Structure Solver (S4 ) [163], a frequency domain code that solves Maxwell's
equations in layered periodic structures using coupled wave analysis and scattering
matrix algorithm [164]. According to Kirchhoﬀ's law of thermal radiation, for a
body emitting and absorbing thermal radiation in thermodynamic equilibrium, the
emissivity is equal to the absorptivity for every wavelength [80]. Hence, the key
goal of the emitter design is to spectrally shape the absorption, according to the
requirements of the target emittance design. Using S4 , a normally-incident plane wave
is excited in the semi-inﬁnite vacuum top layer of the structure, the reﬂectance (R)
and transmittance (T ) are computed; hence the emittance is simply the absorption
A = 1 − R − T . Once the emittance spectrum is obtained, the eﬃciency of the TPV
system can be estimated. The TPV eﬃciency is given by (1.4) The current density in
the PV cell is a contribution of two components: the photo-current density induced
in the PV cell by the incident thermal photons, and the dark current density that
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ﬂows in the PV cell in absence of incident radiation. Hence, the total current density
is given by:

 ∞
qc
(λ)EQE(λ)
J=
dλ 4
− Jo exp (−Eg /mkTd ) · [exp (qV /mkTd ) − 1] ,
λ exp (hc/λkTe ) − 1
0
(2.1)
where q is the electron charge, c is the speed of light in vacuum, λ is the wavelength,
(λ) is the spectral emittance of the emitter, EQE(λ) is the external quantum efﬁciency of the device, h is Plancks constant, k is Boltzmanns constant, Eg is the
PV cell bandgap in eV, Jo = 5693Eg2 A/cm2 is the thermodynamically required dark
current density prefactor [165], V is the voltage, Td is the device temperature, and
m is the device ideality factor. From (2.1), JSC and VOC can be computed; hence
the ﬁll factor is estimated from well-known empirical relations [166]. All the TPV
eﬃciency computations are implemented in a nanoHUB tool named TPV eﬃciency
simulation [167]. The emittance results obtained from S4 are fed to the TPV eﬃciency
simulation tool to calculate the TPV eﬃciency under diﬀerent operating conditions.
The PV diode is assumed to have bandgap energy of 0.75 eV, which resembles an
arsenide-doped GaSb PV cell. The device ideality factor and the of the PV cell values
are taken from previous experimental work [52]. All the TPV eﬃciencies estimated
here assume a matching rugate ﬁlter in the TPV system, unless otherwise is stated.

2.3

High Eﬃciency ErAG Emitter Design
As shown in previous work, the metallic ErAG emitter has shown promise but

limited overall spectral eﬃciency. As a ﬁrst step, one would like to eliminate the
Ohmic losses of the platinum substrate, by using the ErAG itself as a low-loss substrate. We ﬁrst consider two diﬀerent ErAG emitter designs based on this concept:
an ErAG ﬁlm with anti-reﬂection (AR) coatings on both sides of the ﬁlm, and the
high eﬃciency ErAG emitter using dielectric mirrors.
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2.3.1

ErAG ﬁlm emitter with anti-reﬂection coatings

In order to eliminate the losses associated with the metallic substrate, it can be
replaced by an AR coating on the bottom of the ErAG ﬁlm, but this conﬁguration
allows both top and bottom emission. So, another AR coating can be applied on
the top of the ErAG ﬁlm, so that a symmetrically-emitting conﬁguration is obtained,
allowing for the use of two sets of PV cells, on top and bottom sides of the emitter.
The two AR coatings prevent multiple reﬂections at the ErAG ﬁlm edges, allowing
for maximum absorption within the ﬁlm at 1.47 μm. The emittances at two diﬀerent
ﬁlm thicknesses are shown in Fig. 2.1. As expected, the thicker the ﬁlm is, the larger
the emission is all over the spectrum. Because of the increased parasitic emission
of sub-bandgap photons, the TPV eﬃciency degrades as the ﬁlm thickness increases
from 125 μm to 250 μm, as shown in Table 2.1.

Fig. 2.1. Emittance spectrum of an ErAG emitter with AR coatings at
diﬀerent thicknesses. Although short-wavelength emission increases with
thickness, so do parasitic losses at longer wavelengths, limiting overall
spectral eﬃciencies.
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2.3.2

High-eﬃciency ErAG top-surface emitter

The latter conﬁguration lacks the asymmetric emission property, and still suﬀers
high parasitic sub-bandgap losses, due to the thick ErAG ﬁlm losses. Hence, to keep
the asymmetric emission property while eliminating the metallic substrate absorption
losses, the reﬂecting metal substrate used in [65] is replaced by a highly-reﬂective
quarter-wave stack dielectric mirror, with the lowest frequency band of full-reﬂection
centered at 1.5 μm. Moreover, the concept of Q-matching [59, 153] can be used to
enhance the emission above the bandgap. Following the same procedure in [87],
at normal incidence, absorption losses in the ceramic ﬁlm can be matched to the
transmissive losses through the top mirror at a resonant wavelength of 1.47 μm.
Because the absorption loss rate is small at this wavelength, the resulting resonant
mode will not be suitable for TPV conversion [30]. Hence, the ErAG ﬁlm thickness
should be increased to form a multi-mode Fabry-Perot resonant cavity with very
narrow spaces between modes.
A further improvement to suppress the parasitic emission is to use an exponentially chirped ﬁlter on top of the structure, such that a wide band of long wavelength
emission can be signiﬁcantly eliminated. The chirped mirror will have a strong reﬂection band from 2 μm to 4 μm, so that the emissive blackbody power in this range
at emitter temperature of 1573 K will be signiﬁcantly minimized. This conﬁguration
has the advantage of having the ﬁlter integrated with the emitter, so that expensive
ﬁlters, such as rugate ﬁlters [15], can be removed from the TPV system. The proposed
ErAG emitter with chirped mirror is shown in Fig. 2.2.
The resulting emittance spectra for the loss-matched design without a chirped
ﬁlter are shown in Fig. 2.3, where two diﬀerent ﬁlm thicknesses are simulated, and the
dielectric mirrors are assumed to be a quarter-wave stack with nH = 2 and nL = 1.414,
where nH and nL are the refractive indices of the high- and low-index materials,
respectively. Values of the corresponding TPV eﬃciencies are shown in Table 2.1. It
is notable that increasing the thickness degrades the eﬃciency because sub-bandgap
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Fig. 2.2. A schematic of the high eﬃciency ErAG emitter with chirpedmirror. The bottom dielectric mirror is a quarter-wave stack with reﬂection centered at 1.47 μm. The low-index material thickness is dL = λ/4nL ,
and the high-index material thickness is dH = λ/4nH . The top dielectric
mirror has an exponentially-chirped period with up to 26 layers that reﬂects all the wavelengths from 2 μm to 4 μm. The ErAG wafer is assumed
to be much thicker than the dielectric layers surrounding it.

losses increase while the Q-matching guarantees an almost 100% emittance around
1.47 μm as shown in Fig. 2.3. However, this substantially improves the TPV eﬃciency
to 24%, if compared to the corresponding eﬃciency in the AR coatings conﬁguration.
If the partially transmissive mirror is replaced by an exponentially-chirped period
ﬁlter, a wide band of low frequencies beyond the bandgap will be reﬂected, as shown
in Fig. 2.4, and this in turn will lead to a pronounced increase in the TPV eﬃciency.
As shown in Table 2.1, the TPV eﬃciency can reach almost 34% if the chirped ﬁlter
emitter is used with a cold-side rugate ﬁlter with shifted cut-oﬀ to minimize losses
beyond 1.55 μm. The TPV eﬃciency also reaches 33% if the chirped ﬁlter emitter
design is used without any external ﬁlters. To measure the selectivity of the emitter,
the radiation spectral eﬃciency ηrad is computed as in previous work [65]. It is
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Fig. 2.3. Emittance spectrum of an ErAG ﬁlm with a fully-reﬂective back
dielectric mirror and a loss-matched top dielectric mirror at diﬀerent ErAG
ﬁlm thicknesses. The resulted curve is not smoothed to show Q-matched
Fabry-Perot modes.

obvious that the chirped ﬁlter increases the radiation eﬃciency, which translates into
an improved TPV eﬃciency, as shown in table 2.1.

2.4

Discussion
The high-eﬃciency ErAG emitter is a simple multi-layer structure that can be

fabricated without the need for sub-micron lithography fabrication techniques used
for many optical 2D and 3D photonic crystal emitters. This design can be fabricated
by depositing the dielectric quarter-wave layers on one side of an ErAG substrate,
then depositing the chirped dielectric layers on the other side of the substrate. Key
concerns for experimental fabrication, which can be mitigated through proper design
choice, include the mechanical stability of the ErAG substrate and the robustness
of the multi-layer structure at high temperatures. The ErAG substrate should be
suﬃciently thick to avoid the fracture of the substrate; hence a 250 μm thick slab is
the minimum recommended practical choice. Also, the dielectric materials involved in
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Fig. 2.4. Emittance spectrum of the highest eﬃciency ErAG emitter
shown in Fig. 2.2. The ErAG ﬁlm thickness is 250 μm. The exponentially chirped dielectric mirror ﬁlter on the top eliminates a wide band of
parasitic emission beyond the bandgap wavelength. The resulted curve is
not smoothed to show Q-matched Fabry-Perot modes.

the dielectric mirror design should have a suﬃciently high melting point and matching
thermal expansion coeﬃcients at high temperatures. Eligible material systems are
SiO2 and Tantalum oxide Ta2 O5 , or SiO2 and TiO2 . Obviously, if the refractive index
contrast of the two materials is greater, fewer layers are needed, which makes the
SiO2 /TiO2 system simpler to fabricate than the SiO2 /Ta2 O5 system. An additional
strategy that can be useful is to alternate tensile and compressive stresses in each layer
of the structure, to achieve zero residual stress for the overall multilayer stack [168].
For practical TPV systems, other heat losses should be considered, such as losses
due to heat conduction and convection [115]. Hence, the emitted power should be
suﬃciently high to minimize the impact of those losses. For this purpose, the average
emissivity (¯) [52], which gives the ratio of the emitted power to the total blackbody
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Table 2.1.
TPV eﬃciency for diﬀerent ErAG emitter designs. Although all designs
display overall eﬃciencies higher than seen for metal substrates, the best
overall performance comes from the chirped ﬁlter + shifted rugate ﬁlter
at 33.89%.

ErAG Emitter
AR+
rugate ﬁlter
AR+
rugate ﬁlter
Q-matched+
rugate ﬁlter
Q-matched+
rugate ﬁlter
Chirped ﬁlter+
shifted
rugate ﬁlter
Chirped ﬁlter
only

d
(μm)

η (%)
at 1323 K

η (%)
at 1573 K

ηrad (% )
at 1573 K

¯ (%)
at 1573 K

Top/
bottom

125

12.6

19.18

41.4

5.09

1/1

250

12.05

18.63

37

9.26

1/1

125

17

24.32

51.4

6.12

3/21

250

15.34

22.58

44.53

10.44

3/21

250

25.55

33.89

70.85

6.11

250

25.46

32.94

70.85

6.11

Chirped
26/21
Chirped
26/21

power at the emitter temperature, of each of the previous designs is computed. The
average emissivity, as listed in Table 2.1, decreases in presence of the chirped ﬁlter,
because a portion of the input power is reﬂected by the chirped mirror back to the
source. However, this loss is compensated by the high TPV eﬃciency.

2.5

Rare earth doped glasses with integrated ﬁlters
Next we consider a similar integrated ﬁlter design using a Sm-doped fused silica

substrate, with its absorption spectrum obtained from [168]. Sm-doped glasses are
often used in IR lasers, thus they oﬀer a convenient substitute for ceramic single
crystal substrates, if a high melting point undoped base substrate is used such as
fused silica. Preliminary results in Fig. 2.5 show the introduction of the 1D layered
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structure on the top and bottom as described in Fig. 2.2, can boost the overall
radiation eﬃciency, up to a value of 78% at 1300 °C, which itself is an improvement by
nearly an order of magnitude over a standard blackbody source of equal temperature.
The chirped dielectric mirror is composed of 30 TiO2 -SiO2 layers with chirping factor
of 0.5 within 1800-4500 nm. The bottom mirror consists of 21 TiO2 -SiO2 alternating
layers with a substrate thickness of 5 mm. The PV bandgap is assumed to be 0.75
eV and the rugate ﬁlter bandgap is 0.35 eV. The associated TPV eﬃciency would
be 35.6%, with an average emissivity of 8.6% compared to a blackbody. Any longer
wavelength emission caused by the substrate or the layers is not considered in this
design.





Fig. 2.5. Combining a samarium-doped fused silica emitter with a multilayer chirped reﬂector enhances near-infrared emission, while strongly suppressing parasitic losses through ﬁltering. Overall spectral emission eﬃciency is 84.5% at 1300 °C.

Furthermore, the performance of rare earth-doped emitters can be ﬁne-tuned
through adjustment to key parameters, while still using the same underlying materials. For example, as shown in Fig. 2.6a, increasing the thickness of the glass layer
can increase the emissivity almost linearly with thickness, from 4.1% to 13.2%, over
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thicknesses that range from 2 mm up to 1 cm, values commonly used in smaller glass
objects.
It is worth noting that a suﬃciently-thick substrate will increase the background
absorption as well, which should be partially suppressed by the integrated ﬁlter, thus,
there is an optimum thickness that provides a compromise between the enhanced
emission spectrum and the background parasitic emission loss. This thickness is found
to be 6 mm for this particular substrate, as shown in Fig 2.6b. It is worth mentioning
that the optimum thickness shows a big dependence with the background emission,
which is a function of the purity of the substrate, and the method of fabrication.
Also, Fig. 2.6c illustrates that increasing the number of layers surrounding the glass
results in improved eﬃciencies: as high as 38.5% for 46 layers at 1300 °C. Finally,
the eﬀect of controlling the PV bandgap as well as the complementary rugate ﬁlter
bandgap is plotted in Fig. 2.6d, suggesting an optimum bandgap of 0.73 eV for the
PV, and an almost indiﬀerent eﬀect for the rugate ﬁlter, this is because the fused
silica IR absorption edge [169] and the dielectric stack absorption are not taken into
consideration.

2.6

Conclusion
In this work, rare-earth doped ceramic thermal emitters were renovated to sub-

stantially enhance the TPV system eﬃciency. The proposed thermal emitter was
shown to have theoretical TPV eﬃciency as high as 33% in absence of external ﬁlters. Its integrated ﬁltering property can be achieved using a chirped dielectric mirror,
which is easy to fabricate. Replacing the metallic substrate in previous designs by a
dielectric mirror guarantees asymmetric radiation without any metallic losses. This
thermal emitter can be optimized to provide enhanced selective radiation and low
parasitic losses that can be matched to available GaSb PV cell technology, or other
materials like germanium with similar bandgaps. Furthermore, the design idea can
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Fig. 2.6. (a) Increasing the thickness of the rare earth substrate would
increase the average emissivity linearly. (b) The optimum eﬃciency is
obtained at a substrate thickness of 6 mm, as a tradeoﬀ between increasing parasitic losses and versus enhancing the useful emission band. (c)
The increase of eﬃciency with the number of layers. (d) Contour plot of
the computed TPV eﬃciency for diﬀerent PV bandgaps and rugate ﬁlter
bandgaps.

be generalized to a broad range of emitter materials demonstrating highly selective
absorption, given an appropriate PV diode material.
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3. PHOTONIC CRYSTAL STRUCTURES FOR SOLAR
THERMOPHOTOVOLTAICS
The eﬃciency of STPV systems depends critically on both the selective absorber and
the selective emitter, which are controlled by both the materials and the photonic
design. For high concentration solar TPV applications, 2D PhCs made of refractory
metals such as tungsten have demonstrated promising results. For even higher performance, we propose here a photonic crystal-based design to both collect solar heat
and reradiate above-gap photons. An Er-Yb-Tm co-doped fused silica coated with
a 17-bilayer structure is proposed to oﬀer signiﬁcant selectivity with greater ease of
fabrication. Scattering matrix simulations show that this structure can signiﬁcantly
suppress sub-bandgap photons. This increases sunlight-to-electricity conversion for
photonic crystal-based emitters, discussed earlier in Chapter 2, above 12.93% at 100
suns concentration or 27% at 1000 suns concentration using a Ga0.42 In0.58 As PV diode
with a bandgap of 0.7 eV (nearly lattice-matched to InP) 2 .

3.1

Introduction
As discussed in Chapter 1, the eﬃciency of STPV depends on the product of the

selective absorber thermal transfer eﬃciency [8] and the TPV system [118], which are
controlled by both the materials and the photonic design. Nevertheless, it can be still
more challenging to design a selective solar absorber that has high eﬃciencies at higher
temperatures (∼ 1500 K) and moderate solar concentrations (≤ 100 suns) for the
highest performance and potential for integration compatibility with the overall STPV
system. One key challenge is that blackbody radiation at such high temperatures has
2

Adapted from Z. Zhou, E. Sakr, O. Yehia, A. Mathur, and P. Bermel, “Photonic crystal selective
structures for solar thermophotovoltaics” MRS Advances, vol. 1, no. 59, p. 38833889, 2016.
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strong overlap with the solar irradiance spectrum, making it extremely challenging to
suppress thermal re-radiation while maintaining solar absorption. From a materials
perspective, system integration may be facilitated by the use of similar materials
and structures in both the selective solar absorber and the selective emitter. Given
that the spectral requirement for selective solar absorbers and selective emitters are
diﬀerent [30], achieving this property together with the prior two can be even harder.
In order to address the challenges discussed above, a rare earth based selective solar
absorber design is proposed based on the selective emitter design proposed in [170].
For the proposed design, the naturally-sharp transitions of rare earth elements
constitute a sharp cutoﬀ for the solar absorber, and the cutoﬀ wavelength will be
governed by the longest wavelength transition of the rare earth dopant. Typically, rare
earth ions are doped in host materials with suﬃciently low absorption. Commonly
used host materials are glasses and ceramics, especially for lasers, ampliﬁer ﬁbers,
and thermal emitters [171, 172]. We show that selecting the suitable dopants as well
as a low-loss host material is the key to design an eﬃcient solar absorber without the
need to include ﬁlters on top of the structure. We propose two rare earth designs
with chirped quarter-wave stack back reﬂectors suitable for operation under 100 suns
and 1000 suns concentrations.

3.2

Rare earth based solar absorber
Rare earth elements, such as Erbium, Thulium, Holmium and Ytterbium are

known to have distinct atomic transitions identiﬁed in their absorption spectra. This
property makes rare earths good candidates to provide sharp cut-oﬀ in the solar
absorber spectrum. In designing a rare earth-based solar absorber, the selection
of the host material, as well as the dopant element is crucial. First, dopants with
atomic resonance wavelengths below the design cut-oﬀ wavelength should be selected.
Among all rare earths, Erbium, Ytterbium, Thulium and Holmium exhibit absorption
peaks, mostly in the visible and near infrared that makes them good candidates
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for dopant materials [173]. More speciﬁcally, co-doping of Er and Yb will show a
cutoﬀ wavelength at 1.65 μm, while co-doping Er, Yb, and Tm will show a cutoﬀ
wavelength at 1.9 μm. It is also important to increase the dopant concentration to
maintain suﬃcient absorption for high energies using thick substrates, while keeping a
minimal absorption at lower energies. Moreover, because the host material is naturally
transparent, a back reﬂector is necessary for maximal absorption. A typical host
material should exhibit suﬃciently-low absorption over a wide range of wavelengths
extending in the mid infrared. A promising candidate is ﬂuoride glass, such as CaF2
and BaF2 , with transmission bands between 0.16 μm and 10 μm, and base absorption
coeﬃcient as low as 7.8 × 10−4 cm−1 , with a suﬃciently-high melting point [174].
Two designs of solar absorbers are presented here, suited for 100 suns and 1000
suns, respectively. Both designs utilize a 17-bilayer chirped Bragg mirror of indices
2.3 and 1.48, which reﬂects over a broad range of absorbed wavelengths to reduce
transmission losses. The ﬁrst design is a thick Er-Yb-doped CaF2 substrate of thickness 20 mm, reﬂective from 0.3 μm to 1.7 μm. The second design is an Er-Yb-Tm
co-doped fused silica, of thickness 8 mm, with reﬂection extending from 0.3 μm to
2 μm. Emissivity spectra are calculated based on extracted material optical parameters for rare earth transitions from [175], and obtained using the simulation tool:
Thermophotonic selective emitter simulations, available on nanoHUB.org [176], which
simulates emissivity spectrum using S4 code [164] for multi-layer rare earth-based selective emitters/absorbers.
The emissivity spectra for both designs are depicted in Fig. 3.1, along with the
AM1.5D solar spectrum. Since the rare earth-doped fused silica exhibits signiﬁcant
absorption starting at 4 μm, it will pose a limitation on the solar concentration
requirement at 1500 K. Hence, greater solar concentration is required to overcome
the signiﬁcant spectral overlap. Note also that neither Er nor Yb show absorption
peaks at 1.2 μm this gap reduces the maximum attainable thermal transfer eﬃciency.
To assess the optimal operation conditions for the two given designs, a contour plot
of the thermal transfer eﬃciency is shown for each design in Fig. 3.2. Note that the
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Fig. 3.1. (a) The emissivity spectrum of Er-Yb-Tm doped fused silica absorber (blue). (b) The emissivity spectrum of Er-Yb doped CaF2 (green).
In both (a) and (b), the AM1.5D solar spectrum is plotted in red. Fused
silica-based absorber shows IR absorption edge at 3.7 μm, while the CaF2 based solar absorber shows extended ﬂat minimal absorption band with
an IR absorption edge at 7.5 μm that makes it a good candidate for low
solar concentration (100 suns). The occupation of the spectrum also depends on the dopants, hence the cutoﬀ for Er-Yb (green) is at 1.65 μm,
while the cutoﬀ of Er-Tm-Yb (blue) is at 1.9 μm. Respective normalized
blackbody spectra are shown in black in both (a) and (b).

thermal transfer eﬃciency is low in general with this design, since the coverage of the
visible/near-IR spectrum is not complete, and due to signiﬁcant emission past 7 μm.
Higher eﬃciencies are obtained with the second design, as in Fig. 3.2(b), for high
concentrations and low temperatures.
Finally, the STPV eﬃciency is computed for both designs, using a Sm-doped glass
design of the emitter, similar to [170], assuming an ideal solar concentration eﬃciency.
Fig. 3.3 shows the STPV eﬃciency for the given designs. We note that for lower
temperatures, the TPV conversion eﬃciency is low, while for higher temperatures,
the thermal transfer eﬃciency is low, giving rise to an optimal eﬃciency point. For
the ﬁrst design under illumination of 100 suns, the optimal temperature is 1350 K
with maximal eﬃciency of 12.9%. For the second design, under 1000 suns, the optimal
temperature is 1500 K with maximal eﬃciency of 27%.
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Thermal transfer efcieny
(a)
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Fig. 3.2. Contour plots of thermal transfer eﬃciency versus absorber temperature and solar concentration for (a) Er-Yb doped CaF2 , with high
performance at 100 suns and 1500 K (b) Er-Yb-Tm doped fused silica
with high eﬃciency at 1000 suns and 1500 K.

A contour plot of the STPV eﬃciency for the Er-Yb-doped CaF2 solar absorber
is plotted in Fig. 3.4. The contour plot also shows a maximum eﬃciency of 19.1%
achievable at 1650 K. The small remaining gaps in the visible/near-IR absorption
spectrum could be addressed through further optimization of the dopant proﬁles and
substrate thickness.

3.3

Conclusion
We proposed a high-eﬃciency solar absorber and emitter suitable for operation

under 100 to 1000 suns concentrations for temperatures as high as 1500 K. Through
careful selection of materials or proper integrated photonic structure designs, high
STPV conversion eﬃciencies can be achieved. We report a theoretical STPV eﬃciency
of 12.93% under 100 suns at 1350 K and 100 suns using a rare earth-based solar
absorber design. Under 1000 suns illumination, an optimal temperature of 1500 K
with maximal eﬃciency of 27% is achievable. The rare earth based absorber/emitter
has a simple structure for ease of fabrication. Further investigations on the rare earth
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Fig. 3.3. STPV system eﬃciency, assuming a perfect solar concentration
eﬃciency for two diﬀerent slab absorber designs, combined with thermal
emitter suggested in reference [170]. It is the product of thermal transfer
eﬃciency and the TPV eﬃciency. Since the TPV eﬃciency decreases at
lower temperature, and the thermal transfer eﬃciency decrease at higher
temperatures, an optimal temperature is found for each design, which is
1350 K for the green curve and 1500 K for the blue curve.

STPV efficiency (%)

Fig. 3.4. A contour plot of the STPV eﬃciency for Er-Yb-based absorber,
the maximum eﬃciency at 1000 suns is 19.1% at 1650 K.

based absorbers are warranted, including performance optimization and structural
simpliﬁcation.

57

4. ASYMMETRIC ANGULAR SELECTIVE THERMAL
EMISSION
Thermal emission from blackbodies and ﬂat metallic surfaces is non-directional, following the Lambert cosine law. However, highly directional thermal emission could
be useful for improving the eﬃciency of a broad range of diﬀerent applications, including TPV, spectroscopy and infrared light sources. This is particularly true if
strong symmetry breaking could ensure emission only in one particular direction. In
this chapter, the possibility of tailoring asymmetric thermal emission using structured
metasurfaces is investigated. These are built from surface grating unit elements that
support asymmetric localization of thermal surface plasmon polaritons. The angular
dependence of emissivity is studied using a rigorous coupled wave analysis (RCWA)
of absorption, plus Kirchhoﬀ's law of thermal radiation. It is further validated using
a direct thermal simulation of emission originating from the metal. Asymmetric angular selectivity with near-blackbody emissivity is demonstrated for diﬀerent shallow
blazed grating structures. We study the eﬀect of changing the period, depth and
shape of the grating unit cell on the direction angle, angular spread, and magnitude
of coupled radiation mode. In particular, a periodic sawtooth structure with a period
of 1.5λ and angle of 8° was shown to create signiﬁcant asymmetry of at least a factor
of 3. Such structures can be considered arbitrary directional sources that can be
carefully patterned on metallic surfaces to yield thermal lenses with designed focal
lengths, targeted to particular concentration ratios. The beneﬁt of this approach is
that it can enhance the view factor between thermal emitters and receivers, without
restricting the area ratio or separation distance3 .
3

Adapted from E. Sakr, S. Dhaka, and P. Bermel, “Asymmetric angular-selective thermal emission,”
in Proceedings of SPIE - The International Society for Optical Engineering, vol. 9743, 2016.
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4.1

Introduction
The directional behavior of blackbodies is known to follow Lambert's cosine law

[177], where emitted ﬂux from a blackbody has a cosine dependence with the polar
angle. Similarly, bulk thermal emitters such as metals and doped semiconductors also
radiate over a wide range of angles. This in turn poses a limitation on the design of
devices that depend on radiative heat transfer such as TPV [115] and IR spectroscopy
[178], or light sources such as LEDs [179] and incandescent light sources [86, 180]. As
mentioned earlier in Chapter 1, the eﬃciency of a TPV system is a function of the
power spectrum of the thermal emitter, and the view factor between the emitter and
the PV converter. Recent work has aimed to enhance the output TPV eﬃciency by
matching the photonic bandgap of the emitter to the electronic bandgap of the PV
diode. Prior approaches include PhCs and plasmonic metamaterials [6, 52, 56], as
well as enhancing spectral selectivity using cold–side ﬁlters [15] or integrated ﬁlters
[75,170]. The angular selectivity of such structures depend on the speciﬁc design and
materials. For example, a vertical 1D photonic crystal exhibits directional lobes that
corresponds to the designed resonant defect mode [87], while a wide angle spectral
selectivity could be maintained in a dielectric-ﬁlled 2D photonic crystal [61]. However,
to maintain a high view factor, the thermal emitter should be placed in proximity
to the PV diode. This arrangement requires eﬀective cooling for the PV diode, to
increase its eﬃciency and lifetime. Consequently, a design strategy that controls
the directionality of thermal radiation is required to enhance view factors without
restricting area ratios or separation distances between the emitter and the receiver.
The goal of enhancing view factor calls for engineering thermal emitters/sources
to strongly modify the direction of thermal emission. Similar design strategies were
also studied for achromatic metasurface ﬂat lenses [181] and out-of-plane focusing of
surface plasmon polariton (SPP) modes [182]. Hence, the ﬁrst step to achieve such
an engineered emitter structure is to design highly asymmetric directional thermal
sources with arbitrary directionality. There are several strategies to obtain directional
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thermal emission, such as 1D photonic crystals with defect modes [87], wideband
Brewster angle absorption in engineered 1D photonic crystals [116] or delocalized
surface modes on shallow gratings [117, 183]. Also, some structures may demonstrate
quasi-monochromatic, highly directional thermal emission such as plasmonic bandgap
structures [184], coupled resonant cavities [185], and multiple quantum well photonic
crystal thermal emitters [150]. Among these techniques, highly directional far-ﬁeld
thermal emission from delocalized surface modes on shallow gratings is a promising
approach, since a spatial angular dependence can be tailored by only changing the
spatial periods over the surface, with the exception that their emission is symmetric about the normal direction. Asymmetric thermal emission utilizing evanescent
coupling by double-groove Si grating placed in air above SiC has previously been
reported in the mid-infrared range [186]. In this chapter, asymmetric thermal emissivity from metallic structures in the near-infrared range, which can support nearly
unidirectional SPP modes is demonstrated. The unit cell of metallic shallow gratings
is redesigned such that it preferentially couples to only one direction of far-ﬁeld radiation mode(s). This requires asymmetry in the unit cell, such that the SPP mode
could be supported in one direction, thus coupled to an asymmetric radiative far-ﬁeld
mode. The selective angular emissivity is obtained using Kirchhoﬀ's law of thermal
radiation and angular absorption simulation. We also propose a direct simulation of
thermal emission with incident waves launched from the metal side, and is validated
with absorption simulation. Eﬀects of geometric parameters, including period, shape
and depth is also discussed.

4.2

Theory

4.2.1

Surface plasmon modes on metallic gratings

A delocalized SPP mode can propagate at the interface between a semi-inﬁnite
metal and air under TM excitation or p-polarization. However, the dispersion relation
of the delocalized SPP mode is always below the light line, and cannot be coupled
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to free-space propagating modes unless a modiﬁcation of the parallel momentum is
introduced on the metals surface, for example using periodic shallow gratings [117].
In this case the momentum conservation law implies a shift of the dispersion relation
above the light line, and the SPP can now be probed with an incident p-polarized
wave with incident angle θi , as given by the following relation
sin θi =

kp mλ
+
a
k0

(4.1)

where kp is the SPP parallel wavevector at the interface, k0 is the wavevector in
air, λ is the wavelength in air and a is the grating period. This is equivalent to
the conservation of crystal momentum. The order of the coupled mode is given
by the integer m = ±1, 2, 3, · · · The angular emissivity of shallow gratings can be
predicted by extending Kirchhoﬀ's law of thermal radiation with detailed balance,
which implies that the angular absorptivity at a given wavelength equals the angular
emissivity at the same wavelength. In other words, SPP modes on the emitter surface
excited by thermal ﬂuctuations may now be scattered by the grating elements into
far-ﬁeld free-space radiative modes with angle θ0 = θi , as described by (4.1). The
amplitude and the full width at half maximum (FWHM) values depend on satisfying
the critical coupling condition, or Q-matching condition between the absorptive and
radiative loss rates [59], keeping the grating shallow enough to maintain validity of
the SPP perturbation assumption. The accuracy of this assumption has been veriﬁed
by comparing direct emission from the metal with absorption from air, both as a
function of angle (as will be shown in Section 4.4).

4.2.2

Asymmetric unit cell

As discussed in the introduction, introducing geometric asymmetry in the unit
cell has potential to support nearly unidirectional emission. To achieve this goal, we
suggest a sawtooth geometry with a shallow angle. From a ray optics perspective, we
can predict the behavior of the sawtooth structure upon oblique incidence excitation:
an incident plane wave on the long facet of the grating will most probably experience
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specular reﬂection. On the other hand, an incident plane wave on the vertical metallic
side is much more likely to be trapped on the surface. Consequently, the probability
to excite an SPP mode by incidence on the vertical surface is much greater than the
probability of coupling from the grating long facet. The designed blazed gratings are
simple to fabricate, and does not contain deep sub-wavelength features [187], making
it suitable for operation at shorter wavelengths for high temperature applications.

4.3

Simulation methodology
To simulate the behavior of the angular emissivity for symmetric and asymmet-

ric grating structures, we employed the RCWA method on a discretized structure.
This method was applied to directly calculate emission and to calculate absorption.
As predicted by Kirchhoﬀ's law of thermal radiation, these two methods should be
equivalent at thermal equilibrium. Further details are provided in the remainder of
this section.

4.3.1

RCWA on a discretized sawtooth structure

The S4 package is used to compute emissivity. Since the structure involves a
metallic semi-inﬁnite substrate with surface gratings, the simulation requires a suﬃcient number of in-plane Fourier modes NG to guarantee appropriate convergence of
the solution [164]. The simulated unit cell of the structure is periodic with period a
in the x -direction, and is inﬁnite in the y-direction. The metallic grating layer has
a depth d with a rectangular air gap of width g as shown in Fig. 4.1. In our case,
using NG = 150 is suﬃcient to capture the expected SPP resonance behavior. However, there are some limitations associated with using this approach. For example,
including spatial variations in the vertical direction to simulate a sawtooth structure
requires discretizing the structure into a ﬁnite number of layers, each having a ﬁnite
gap between their grating ﬁlling factors. This in turn can reduce the convergence
speed of the structure because of the additional discontinuities associated with the

62
discretized layers. Furthermore, the accuracy of the simulation does not necessarily
increase with the number of layers, because of errors associated with the S-matrix
propagation at each layer boundary. For our structures, we found that 4 layers yield
the best compromise for correctly calculating the behavior of the ideal sawtooth structure. Another complexity appears from the need to use a ﬁne step size to capture
narrow angular features. However, a coarse step can be used at the beginning, then
a ﬁne step can be used around the peak to obtain the correct FWHM.
(a)

(b)
Air
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Metal

Metal
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Air

Fig. 4.1. (a) Direct emission simulation of the lamellar grating case. Incident waves with ﬁxed angles θi are launched from metal and the output
waves are collected in far-ﬁeld, Fourier-transformed and superimposed
to compute emissivity. (b) Absorption simulation: incident waves are
launched from air and A(θi ) = 1 − R(θi ) is computed for each incident
angle θi . The ﬁgure is zoomed-in in the z -direction, since d
λ.

4.3.2

Direct emission simulation

In order to simulate the direct behavior of thermal radiation process, without
invoking Kirchhoﬀ's law of thermal radiation, we excite a number of p-polarized
electromagnetic modes inside the metal, just below the grating, which in turn excite
the SPP modes on the surface that get scattered by the gratings to far-ﬁeld radiating
modes. The procedure involves the following steps:
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1. First, a number of individual simulations with incident plane waves from the
metal side are created. Incident angles take values from −89° to 89° with a 1°
step size.
2. The transmitted ﬁelds are measured at an x-y plane in the far-ﬁeld, e.g. at a
distance of 5λ, then Fourier-transformed in the spatial domain. The emission
angles are characterized in the spectral domain parameter kx with the relation
θ0 = arcsin (kx /k0 ).
3. The obtained ﬁelds are corrected for the attenuation in the z -direction that the
incident waves suﬀer during propagation in the lossy metal before transmission
in air. This attenuation is estimated for propagation inside the grating, using
Maxwell Garnetts eﬀective medium approximation [188]. Note that this correction is used as a ﬁrst order approximation, although the size of the metallic
inclusions on the surface is not very small compared to the wavelength.
4. The output power amplitudes are then computed for each incident mode, and
then linearly superimposed to compute the total output power. The simulation
setup is depicted in Fig. 4.1(a).

4.3.3

Absorption simulation

A straightforward method to compute angular emissivity (θ) is to compute the
absorptivity A(θ) at each incident angle θi from air, as A(θ) = 1 − R(θ), where
R(θ) is the reﬂectivity at θ. Kirchhoﬀ's law with detailed balance requires that for
all matching wavelengths, angles, and polarizations. The simulation setup in this
case is depicted in Fig. 4.1(b). Both direct emission and absorption simulations are
implemented using the Rappture toolkit [189] to be published on nanoHUB.org as
the Directional thermal emission simulation tool. [190]
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4.4

Results

4.4.1

Direct emission vs. absorption simulation of lamellar grating

To verify the procedure described in section 3.2, the lamellar grating case studied
by Laroche et al. [117] is simulated. The metallic grating is made of Tungsten with
period a=3 μm, air gap width g=1.5 μm, and depth d =125 μm. The optical properties
of Tungsten at 4.53 μm are obtained from Rakić et al. [191] The obtained emissivity
spectrum is shown on Fig. 4.2(a). The observed highly-directional symmetric thermal
emission peaks around ±30.5° qualitatively matches the results shown in reference
[117]. A maximum peak amplitude of 0.95 with FWHM of 15 mrad compares closely
to experimental results of 0.8 maximum peak amplitude and 15.7 mrad [117]. The
spatial Fourier transform reveals the presence of surface wave components, as well as
far-ﬁeld emission peaks at the corresponding angles given by (4.1). The procedure
however shows diﬀerent spurious modes for the sawtooth grating case, presumably
caused by the large diﬀerences of dielectric constants across the interfaces [164]. The
corresponding peak obtained by absorption simulation shows a good match to the
previous results with a near unity peak amplitude and 2.3 mrad.

4.4.2

Discretized sawtooth structure

Considering the sawtooth grating as a potential asymmetric emitter, the design
parameters are the sawtooth angle θs and the period a. To keep a shallow grating
depth d, small values of θs should be used. The typical value used in this study is 8°.
The period a determines the direction of emission. The incident angle is deﬁned as
the angle between the direction of propagation of the incident wave and the normal
direction of the corresponding planar structure as shown in the inset of Fig. 4.4(a).
If the x -component of the incident waves k -vector is positive, then θi is positive
and vice versa. Initial simulation results show that the selective angular emission
will remain symmetric for λ/a > 1, or when the incident mode couples to forward
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et al.

Fig. 4.2. (a) Highly directional emission peaks obtained by direct emission simulation (blue) and qualitatively compared to previous results [117]
(red). The peak emission obtained in simulation is 0.95 at 30.5°. Surface
modes are noticeable near ±90°. (b) Absorption simulation result around
the directional peak, in good agreement with the result obtained in (a).

and backward SPP modes. However, when λ/a ≤ 1, higher order SPP modes can
be supported, and asymmetric emission becomes evident. The simplest explanation
of this phenomenon is that for λ > a, the grating will act like a periodic array of
sub-wavelength scatterers, and thus the symmetry sensitivity is minimal. However,
for λ < a the symmetry sensitivity will start to take place, and the sawtooth facet
will strongly reﬂect incident waves on it, while the vertical side will assist trapping
the surface wave, and thus enhance absorption. Interestingly for the regime where
λ/a ≤ 1, the mode order m in (4.1) can take values larger than unity, and multiple
emission peaks will appear. The most interesting regimes are at λ/a = 1, 2/3, 1/2, · · · ,
etc., where the solutions of (4.1) intersect for two diﬀerent values of m. In particular,
at λ/a = 2/3, two deﬁnitive angular selective peaks are expected at −19.49° and
19.49°. These interesting points are labeled on Fig. 4.3, which shows a plot of the
supported emission modes by a perfect metallic periodic grating whose behavior is
described by (4.1) when kp = k0 .
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Fig. 4.3. Expected emission modes as a function of λ/a. The emission
remains symmetric for λ/a > 1 (blue region). At λ/a = 1 (black circle),
emission in the normal direction is expected. For λ/a < 1, symmetricsensitive emission takes place. At λ/a = 2/3, exactly two asymmetric
modes are expected at ±19.49° (red circles).

The asymmetric emission at a = λ/0.67

1.5λ for a 4-layer discretized sawtooth

grating made of Tungsten at a wavelength of 2 μm is plotted in Fig. 4.4(a). The
dielectric constant of Tungsten here is

= −53.4 + 20.8i, and θs = 8°. Two distinct

peaks are observed at -19° and 19°, with amplitudes of 0.6 and 0.26, respectively,
with an extinction ratio of 2.3. Furthermore, to maximize the peak amplitude, a
slight modiﬁcation of the geometry can be done. For example, shifting the median of
the sawtooth triangular plane by 9°, while keeping the same widths of the metallic
layers, as shown in the insets of Fig. 4.4(a), pushes the peaks values to 0.818 and
0.328, respectively, with an extinction ratio of 2.55. The peaks are centered around
21°, since the modes begin to deviate from the intersection points (red points in Fig.
4.3). The scattered magnetic ﬁeld proﬁle over 4 grating periods and covering a 5
wavelength distance in air is shown in Fig. 4.4(b). Strong coupling of the delocalized
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SPP mode is evident for the -21° incidence angle (top) versus a strong scattered
ﬁeld in air for the 21° incidence angle case (bottom). The widths of the peaks are
strongly related to the coupling between absorptive and radiative loss rates, which
are functions of the metal optical properties and the dimensions of the structure.
To further illustrate the behavior shown in Fig. 4.3, the sawtooth structure is
optimized to maximize the peak emission of a Tungsten grating at 2 μm. The sawtooth
angle is chosen to be θs = 10°, while the angle θc is increased by 14°. The top panel
of Fig. 4.5 shows the asymmetric emission peak that matches very well with Fig. 4.3.
However, the bottom panel shows the regime where λ/a < 1 with symmetric peaks
with larger quality factors. When λ/a < 1, quality factors are decreased, while the
background emission increases due to the interaction of higher order SPP modes.

4.5

Conclusion
We veriﬁed the directional thermal emission for a shallow lamellar grating using a

direct transmission thermal emission simulation as well as absorption analysis. Both
these results matched closely with prior experiments, thus validating the concept
of Kirchhoﬀ's law with detailed balance across wavelength, angle, and polarization.
Based on our theoretical analysis, we also predicted asymmetric thermal emission
could be achieved using asymmetric grating structures in the region where the emission wavelength is shorter than the grating periodicity. This hypothesis then led us
to simulate a directional thermal emitter with asymmetric angular emission, based
on delocalized surface modes on sawtooth gratings. Extinction ratio as high as 2.5
is demonstrated for directional angle of -21°. Further optimization of the geometry
of the unit cell to achieve larger extinction ratios as well as near unity emissivity is
still under investigation. The suggested structure is a ﬁrst step to design a surface
emitter with arbitrary directionality that can ﬁnd applications for TPV devices and
light sources. Controlling the emission spectrum is another closely connected aspect
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(a)
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Fig. 4.4. (a) Asymmetric emission for a Tungsten discretized sawtooth
grating with λ/a = 0.67 at λ=2 μm obtained by absorption simulation
with θs = 8° (left inset). The −19° peak amplitude is 0.6 and the extinction ratio between peaks is 2.3. Modifying the geometry enhances the
absorption through trapping the SPP mode on surface by modifying the
slope of the vertical side, or alternatively, changing the median angle θc
(right inset). The negative angle peak amplitude becomes 0.818, with
extinction ratio of 2.55. (b)The scattered magnetic ﬁeld proﬁle at −21°
(top) and 21° (bottom). The SPP mode is evident on the top plot, as well
as the enhanced absorption.

that should be jointly investigated in future work, both in terms of its basic physical
behavior as well as performance optimization.
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Emissivity

Fig. 4.5. Asymmetric emission when λ/a < 1 (top) and symmetric emission when λ/a > 1 (bottom) of a Tungsten sawtooth structure with
θs = 10°, and θc = θc + 14°.
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5. THERMOPHOTOVOLTAICS WITH SPECTRAL AND
ANGULAR SELECTIVE DOPED-OXIDE THERMAL
EMITTERS
In this chapter, the eﬀect of simultaneous control of angular and spectral properties
of thermal emitters on the eﬃciencies of TPV systems is discussed. While spectral
selectivity reduces sub-bandgap losses, angular selectivity is expected to enhance view
factors at larger separation distances and hence to provide ﬂexibilities in cooling the
photovoltaic converter. We propose a design of an angular and spectral selective
thermal emitter based on waveguide perfect absorption phenomena in epsilon-nearzero (ENZ) thin-ﬁlms. Aluminum-doped Zinc-Oxide is used as an epsilon-near-zero
material with a cross-over frequency in the near-infrared. A high contrast grating
(HCG) is designed to restrict the emission in a range of angles around the normal
direction, while an integrated ﬁlter ensures spectral selectivity to reduce sub-bandgap
losses. Theoretical analysis shows an expected relative enhancement of the TPV system eﬃciency of at least 32x using selective emitters with ideal angular and spectral
selectivity at large separation distances compared to a blackbody. This enhancement factor, however, reduces to 3.9x with non-ideal selective emitters. This big
reduction of the eﬃciency is attributed to sub-bandgap losses, oﬀ-angular losses and
high-temperature dependence of optical constants 5 .

5.1

Introduction
The beneﬁts of spectrally selective thermal emission to TPV systems is discussed

earlier. On the other hand, the lack of directivity of the thermal emitter requires
5

Adapted from E. Sakr and P. Bermel, “Thermophotovoltaics with spectral and angular selective
doped-oxide thermal emitters,” Opt. Express, vol. 25, no. 20, pp. A880A895, Oct. 2017
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placing it close enough to the TPV diode, to increase the portion of the received
photons at the diode. The view factor or the form factor [177] is used to quantify this
portion. It can be shown that the view factor approaches unity for planar structures
with lateral dimensions much larger than the separation distance [192], as well as
concentric cylindrical structures [68]. The former case is particularly eﬀective for
modular and compact TPV devices, such as micro-TPV generators [193–195], while
the latter is eﬀective for larger scale solar-TPV devices such as the structure suggested
in [54], or TPV furnace-generators like early prototypes developed by JX Crystals
Inc. [196].
In both cases, the TPV diode should be eﬃciently cooled to temperatures close to
room temperature, to avoid signiﬁcant losses from heat-induced bandgap shrinking,
which increases its dark current [197]. Furthermore, eﬀective cooling of the diode
increases its lifetime and reliability [198]. However, with the TPV device included in
vacuum encapsulation to minimize convection losses, maintaining the TPV diode at
appropriate temperatures is challenging. Alternatively, controlling the directivity of
the thermal emission may oﬀer a solution to this problem, by collimating the radiated
heat towards the diode converter. Hence, a high view factor can still be maintained
between the emitter and a distant receiver. This design may allow one to remove the
TPV diode from the vacuum encapsulation, and thus provide a greater ﬂexibility in
cooling the converter using passive cooling techniques [199].
Based on this discussion, controlling both the spectral and directional selectivities of thermal emission may oﬀer greater ﬂexibility in the TPV system design. As
for spectral control, several methods have been established to shape the emission
spectrum, including naturally-selective materials such as rare-earth oxides and doped
ceramics [13,65,75], and engineered photonic and plasmonic structures [7,54,200]. For
directional control of thermal emission, it can be modiﬁed using engineered structures
like metallic gratings and metasurfaces [117, 183]. Furthermore, combining spectral
selectivity and angular selectivity has been also demonstrated using highly coherent plasmonic bandgap structures [184], or by coupling spectrally-selective emitters
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to angular selective surfaces [150, 201, 202]. For example, by coupling quantum dot
emission modes to photonic crystals [150], coupling gap plasmon resonances to periodic metallic gratings [201], or coupling naturally-selective emitters to guided mode
resonant ﬁlters [202].
In this work, we propose a distinctive method to simultaneously control the spectral selectivity and directivity of thermal emission using epsilon-near zero thin-ﬁlm
structures. In ENZ materials, the permittivity function crosses zero, and the wave
can propagate with no phase advance or delay. ENZ-based structures have recently
found numerous applications such as energy squeezing, radiation pattern engineering,
controlling spontaneous emission, and compact optical modulators [203–207]. Furthermore, ultrathin ﬁlms of ENZ materials exhibit nearly perfect absorption, following the special dispersion characteristics near the ENZ regime [208, 209]. Materials
that exhibit ENZ behavior include metals, with their zero-crossing wavelengths in
the ultraviolet, transparent conducting oxides in the near infrared [210], and polar
dielectrics and doped semiconductors in the mid-infrared [208]. In general, metamaterials provide ﬂexibility in shifting the ENZ regime to targeted optical wavelength
ranges [211].
Furthermore, utilizing ENZ thin-ﬁlms in designing thermal emitters provides a
method to actively control thermal radiation through voltage tuning. When the
emitter is placed far enough from the receiver, the system is vulnerable to angular
misalignments, which may result from time-varying input heat causing changes in
the emission spectrum, as well as mechanical eﬀects like vibration, thermal expansion
and contraction. Active tuning of thermal emission provides a method to proactively
address such problems, to maintain high selectivity in both angular and spectral domains across a wide range of conditions. Structures that support room-temperature
active control of reﬂectivity and absorptivity using this class of materials has already
been proposed and experimentally demonstrated [212, 213]. Also, electrical modulation of thermal emission intensity and frequency was demonstrated using ENZ modes
in thin ﬁlms [214] and alternative methods such as graphene micro-resonators [215]
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and quantum well photonic crystal structures [216]. Nonetheless, except for [216], the
observed modulation index was weak compared to room-temperature measurements
possibly because of experimental challenges and potential high-temperature eﬀects.
Hence, optimized designs of photonic structures using ENZ thin ﬁlms may potentially
provide a pathway to produce more pronounced modulation of the spectrum, direction or intensity of thermal emissivity, subject to experimental constraints and design
conditions.
Our approach utilizes this perfect absorption phenomena in transparent conducting oxides to design nearly perfect spectrally selective emitters. Coupling to this mode
through a high-contrast grating [217] also provides angular selectivity. In a previous
work [218], we investigated this design for TPV system eﬃciency enhancement. Here,
we extend our design to couple to both s- and p-polarized modes. The details of the
diﬀerent absorption mechanisms present here are explained. We then employ this design as an emitter in a TPV system, to theoretically investigate the potential eﬃciency
enhancement with angularly- and spectrally-selective thermal emission. Finally, we
compare the performance to an ideal selective emitter and investigate the eﬀect of
sub-bandgap losses and oﬀ-angular emission losses.

5.2

Theory
As mentioned above, the suggested TPV system consists of a spectrally-selective

thermal emitter of inﬁnite extension in one direction, and a length l1 in the other
direction. The selective emitter radiates directive emission towards a TPV cell located
at an arbitrary distance D. The TPV cell array is assumed to have inﬁnite extension
in one dimension and a length l2 in the other dimension. We assume that l1 = l2 = L
in our subsequent calculations. Fig. 5.1 demonstrates the proposed TPV setup.
The selective emitter structure is depicted in Fig. 5.2. The core design lies in the
bottom section of the emitter, where a thin ENZ ﬁlm of thickness tENZ is backed by
a metal to support surface modes excited in the thin ﬁlm. The top surface is covered
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Fig. 5.1. A TPV system with a directional and frequency-selective thermal emitter placed on an arbitrary distance from the PV converter. The
selectivity of the emitter maintains high thermal-to-electrical energy conversion eﬃciency at larger separation distances.

by an array of square patches of dimensions wx = wy = w, made of a high-index
material, typically Si. The grating thickness is tg , and its periodicity is ax = ay = a.
This bottom structure by itself supports selective absorption modes with directivity
dictated by the grating. The 2D periodicity of the grating ensures coupling of both
s-polarized and p-polarized incident modes to absorption modes in the ENZ thinﬁlm. To selectively exclude longer-wavelength modes, an omni-directional 1D PhC
ﬁlter [219] is placed at a distance tgap in the order of a few wavelengths. In the
following discussion, a detailed description of the underlying physics of the selective
absorption is presented. These absorption modes are ENZ mode, Ferrell-Berreman
mode, and waveguide perfect absorption mode. Angular selectivity of the grating
coupler and frequency selectivity are also discussed.
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5.2.1

Absorption modes in ENZ thin-ﬁlms

A thick metal ﬁlm supports delocalized SPP modes at its interface with a semiinﬁnite dielectric medium for p-polarized modes [173]. Inside the dielectric and the
metallic media, the magnetic ﬁeld proﬁle decays exponentially away from the interface, with a larger decay factor inside the metal. The dispersion characteristics of this
SPP mode is given by kp = k0

m d/ ( m

+

d ),

where kp is the parallel wavevec-

tor of the plasmonic mode, k0 is the wavevector in space, and

m

and

d

are the

relative permittivities of the metal and the dielectric, respectively. This dispersion
relation lies entirely below the light line when the real part of
asymptotes near the SPP frequency satisfying Re{

m}

=−

d

m

is negative, and

Exciting these modes

from free space requires couplers like the Otto and Kretschmann conﬁgurations. The
characteristics however lies entirely above the light line when the real part of

m

is

positive. For metals, the real part of the permittivity crosses zero at a frequency in
the ultraviolet range. For TPV thermal emission applications, we use transparent
conducting oxides with cross-over frequencies in the near-IR regime, as controlled by
the deposition and doping conditions [210].

ENZ mode
By making a thin ﬁlm, two SPP modes can now be supported at both the top
and the bottom interfaces. When it is thin enough, the decaying SPP modes interact
with each other forming symmetric (even) and anti-symmetric (odd) modes. Thus,
the SPP branch separates into two branches, called also the short-range SPP (SRSPP)
and the long-range SPP (LRSPP) modes according to their decay factor [220]. For
thinner ﬁlms, the LRSPP mode shows an asymptote near the cross-over frequency.
This mode is called the ENZ mode [209]. With a metallic support at the back, the
ENZ mode propagates in the thin ﬁlm and eventually will be totally absorbed.
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Fig. 5.2. The structure of an angular and spectral selective thermal emitter, based on thin-ﬁlm doped-oxides. The bottom structure is an ENZ thin
ﬁlm material on a metallic reﬂector, and a 2D high contrast grating on
top for coupling. The top structure is a 1D dielectric stack of alternating
high- and low-index materials nH and nL .

Ferrell-Berreman mode
As the permittivity function crosses zero from negative to positive values, the
thin ﬁlm becomes a low-index dielectric with permittivity values less than unity.
Hence, the supported modes are p-polarized radiative modes, and can be excited
from air. The nature of the excited mode resembles collective volumetric oscillating
electrons inside the thin ﬁlm, known as a volume-plasmon mode [221]. Historically,
this mode was observed in thin metallic ﬁlms by Ferrell [222], and in polar dielectrics
by Berreman [223]. Thus, we denote this mode as Ferrell-Berreman mode, following
the notation in [224]. A detailed analysis of the full dispersion characteristics of the
ENZ mode and the Berreman mode can be found in [208].
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Waveguide perfect absorption (PA) mode
With the presence of a metallic interface at the bottom, e.g. tantalum, it is possible
to couple to a perfect absorption mode, characterized by a resonance below the light
line. It is eﬃciently coupled from air through a grating or a prism coupler [225],
and is associated with the low positive permittivity function near zero. Directional
PA is observed in [225] using a glass prism coupler. It is noted that the PA can be
associated with the critical angle between the glass, as a high permittivity medium,
and indium-doped tin-oxide (ITO) as an ENZ medium. The resonance peaks depend
on the ﬁlms thickness, and they mark the conditions where the mode is completely
conﬁned in the ITO thin-ﬁlm.

5.2.2

Angle restriction mechanism

From the previous discussion, it appears that both radiative and non-radiative
modes can exist in the structure. A grating coupler can be used to diﬀerentiate between them by the light line of the grating. With careful selection of the gratings
period, one can conﬁne the absorption cone to a speciﬁc angle governed by the gratings light line. This critical angle is given by θc = arcsin (1 − λ/a) where λ is the
wavelength, and a is the period. Accordingly, we choose λ to be the cross-over frequency, to approximately control the conﬁnement angle. Since all the three modes
mentioned in section 5.2.1 exist around the cross-over frequency, we design the grating to restrict the angle of the highest frequency mode (the PA mode) to ensure
directivity for most frequencies involved above the TPV bandgap.

5.2.3

Frequency selectivity

Although the proposed design restricts the absorption angle for the PA mode,
Ferrell-Berreman and ENZ modes also still exist at longer wavelengths. These modes
are regarded here as parasitic sub-bandgap emission that reduces the eﬃciency of the
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TPV system, which should be eliminated. In fact, this is the purpose of the top omnidirectional ﬁlter shown in Fig. 5.2. The design of this ﬁlter should also maintain an
angular-independent narrowband transmission selectivity for the PA mode for both
polarization states. The ﬁlter is placed close to the bottom structure but not directly
on top, to avoid altering the optical response of the bottom structure. Thus, we
choose to add an air gap between the top and the bottom structures, with a thickness
on the order of a few wavelengths.

5.3

Methodology
In this section, we present the computational methods used to calculate selective

emissivity functions and the TPV system eﬃciency.

5.3.1

Emissivity computation

We use Kirchhoﬀ's law of thermal radiation to compute the emissivity [226]. For an
arbitrary body at thermal equilibrium, the emissivity equals absorptivity for a given
wavelength, incident angle and state of polarization
power balance should be maintained, then

ps

ps

(λ, θ) = Aps (λ, θ). Since

(λ, θ) = 1 − Rps (λ, θ) − T ps (λ, θ),

where Rps (λ, θ) and T ps (λ, θ) are the reﬂectivity and the transmissivity under the
same condition. The reﬂectivity and transmissivity functions are computed using the
S4 package.
Our emissivity computation assumes an incident wave in the x -z plane, with mixed
polarization. For simplicity, we assume the emitter has inﬁnite extension in the ydirection. This assumption requires only computation of the emissivity in the x -z
plane (i.e. with the azimuthal angle ﬁxed at 0). This assumption simpliﬁes the view
factor computation and the TPV eﬃciency as a result. However, accurate modeling
of the dependence of the azimuthal angle, as well as the view factor computation may
be necessary to precisely calculate the solid angle of emission in a cone around the
normal direction.
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5.3.2

TPV eﬃciency calculation

The TPV system eﬃciency can be estimated as the portion of the total emitted
power that is converted to electric power using (1.4). We use the standard calculation method presented in [52, 118, 218], taking the directional properties of the
emitted radiation into consideration. A semi-inﬁnite structure is chosen to provide a
mathematically-tractable system to accurately estimate TPV eﬃciency. The shortcircuit current in presence of directive emission can be computed in terms of φr (λ),
the received normalized power at the TPV diode, which is given by:
 l1 /2
 l2 /2
D2
ps
φr (λ) =
dx1
dx2 (λ, x1 , x2 )
, (5.1)
3/2
2 (D2 + x21 + x22 − 2x1 x2 )
x2 =−l2 /2
x1 =−l1 /2
where

ps

(λ, x1 , x2 ) is the emissivity function that depends on the wavelength and

the emitter's and the receiver's coordinates x1 and x2 , respectively.

ps

(λ, x1 , x2 )

can be computed directly from the angular dependent emissivity function using the
transformation tan θ = (x1 − x2 )/D. The right-hand side in 5.1 integrates the total
emitted power from an emitter stripe of width l1 that is intercepted by a stripe
of width l2 located at a distance D. The geometric factor

D2
2(D 2 +x21 +x22 −2x1 x2 )

3/2

is the

transformation of the view factor equation [177] in a single dimension of the Cartesian
coordinates. The short-circuit current can then be computed using the following
formula:



λg

ISC = Ad

dλ
0

2qc φr (λ) EQE (λ)
λ4 exp (hc/λkTe ) − 1

(5.2)

where λ is the wavelength, λg is the bandgap wavelength of the TPV diode, Ad
is the diodes surface area, q is the electron charge, c is the speed of light, h is
Plancks constant, k is Boltzmanns constant and Te is the emitters temperature in
K. For simplicity, we assume the external quantum eﬃciency of the diode EQE (λ),
is uniform for wavelengths below λg . Then, the open-circuit voltage is computed
from Shockley diode equation [221], and the ﬁll-factor is computed from empirical
relations [166]. Finally, the emitted power from an area Aem is the total integrated
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power in the upper hemisphere, and it also accounts for the directional properties of
the emitter through the function φem (λ):
 ∞
φem (λ)
2hc2
Pemit = Aem
dλ 5
,
λ exp (hc/λkTe ) − 1
0

φem (λ) =

∞

dx1
x1 =−l1 /2

5.4



l1 /2

dx2
x2 =−∞

ps

(λ, x1 , x2 )

(5.3)

D2
2 (D2 + x21 + x22 − 2x1 x2 )

3/2

, (5.4)

Results
In this section, the spectral and angular selective emissivity of the structure in Fig.

5.2 is presented. First, we study the emissivity of the bottom structure in Fig. 5.2,
excluding the ﬁlter. This analysis will identify the diﬀerent absorption mechanisms
near the cross-over frequency. Once the PA mode is identiﬁed, we then proceed
to design the top omni-directional ﬁlter, and ﬁnally we compute the expected TPV
system eﬃciency as described in the previous section.

5.4.1

Emissivity function excluding the ﬁlter

The bottom structure of Fig. 5.2 consists of a thin ﬁlm of an ENZ material
backed by a metal and topped by a grating coupler. We choose Aluminum-doped
Zinc-Oxide (AZO) as the ENZ material due to its low damping factor. The AZO
is modeled using a Drude model with parameters obtained from [227]. The metal
in the back is chosen to be Tantalum because of its low parasitic losses, and is also
modeled using a Lorentz-Drude ﬁt over the range of wavelengths of interest. All the
parameters are normalized to the period of the grating a, which is selected to be 900
nm. The thickness of the AZO layer is 0.05a, and the thickness of the grating is 0.1a,
with w =0.534a. The cross-over frequency of the selected AZO model is located at
1336 nm, or around 0.674(c/a) in normalized frequency units. The simulation scans
the emissivity frequency response over a range of incident angles from 0° to 89° .
A contour plot of the emissivity as a function of the normalized frequency and the
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emission angle is shown in Fig. 5.3. Three high-emissivity modes can be identiﬁed
around the cross-over frequency:
1. Near PA mode about 0.8c/a, with a restricted emission angle of 18° . This
mode is coupled eﬃciently below the grating light line (dashed-white line in Fig.
5.3). At this wavelength (1125 nm), the real part of the permittivity function
is positive and equals 1.191+0.1012i.
2. Ferrell-Berreman mode about 0.7c/a. This mode is coupled above the light line
of the grating, since it is a radiative mode as discussed in section 5.2.1. It is
worth mentioning that the absorptivity is less strong around this regime, since
the coupled Ferrell-Berreman resonance can still radiate back in air through
reverse grating coupling. At this wavelength (1143 nm) the real part of the permittivity function is also positive, but less than one, and equals 0.9505+0.107i.
3. ENZ mode about 0.42c/a. This mode is coupled below the grating light line,
hence at this frequency, it extends over most of the angular range. At this
wavelength (2142 nm) the real part of the permittivity is negative and equals
-5.516+0.7108i.

5.4.2

Mechanisms of absorption

To conﬁrm the physical origin of each mode, we plot the ﬁeld distributions for each
mode. Fig. 5.4 shows the three electric ﬁeld components at three diﬀerent points on
the contour plot in Fig. 5.3, labeled as a, b, and c. Each point corresponds to one of
the distinctive absorption modes deﬁned around the cross-over frequency as discussed
earlier:
• Point (a) is at a normalized frequency value of 0.7759c/a, and an incident angle
of 11°. This point is expected to show a PA mode. The ﬁelds plot in Fig. 5.4(a)
conﬁrms coupling of the incident ﬁeld components into an Ez component inside
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Emissivity

(b) Ferrell-Berreman mode

(a) PA mode

(c) ENZ mode

Fig. 5.3. Emissivity of the bottom structure in Fig. 5.2 (without the
ﬁlter), as a function of the incident angle and the normalized frequency.
Parameters used are ax = ay = a, wx = wy = w = 0.543a, tg = 0.1a,
tENZ = 0.05a, and a=900 nm. The ENZ thin-ﬁlm is made of AZO, and the
bottom metal is Ta. Perfect absorption modes, Ferrell-Berreman modes,
and ENZ modes are all observed. The dashed line represents the grating
light line θc = arcsin (1 − λ/a) The fully transparent window (f =0.7-0.9
c/a) shows the desired emission spectrum selected by the top ﬁlter in Fig.
5.2.

the AZO thin-ﬁlm with minimal reﬂection in air. As a result, the coupled ﬁeld
will be guided in the thin ﬁlm, and almost completely absorbed in the AZO
layer.
• Point (b) is at a normalized frequency value of 0.6977c/a, and an incident angle
of 64°. At this point, the resonant ﬁeld proﬁle in the AZO layer is evident.
This absorption mode is due to Ferrell-Berreman behavior, that can be coupled
directly from p-polarized incidence from air. Because of the grating coupling,
the resonant mode can radiate back in air, causing increased reﬂection and
reduced absorption.
• Point (c) is at a normalized frequency value of 0.4206c/a, and an incident angle
of 25°. Below the light line, surface waves are coupled near the AZO-grating
interface. The plotted ﬁeld show decaying ﬁeld proﬁles inside the grating and

83
Ex

Ey

Ez

(a)

(b)

(c)

Fig. 5.4. Electric ﬁeld proﬁles of Ex , Ey and Ez showing enhanced ﬁelds
inside the AZO thin ﬁlm, resulting in nearly perfect absorption. Plots are
taken at diﬀerent points labeled in Fig. 5.3: (a) Perfect absorption mode
due to coupling to a waveguide mode. (b) Absorption caused by excitation of Ferrell-Berreman mode coupled above the grating light line. (c)
Absorption caused by ENZ mode excitation in the thin ﬁlm with decaying
ﬁeld proﬁles inside the grating.

air for the z -component. This behavior is similar to an SPP propagating at a
metal-dielectric interface.
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5.4.3

Filter design

The contour plot in Fig. 5.3 includes omni-directional components that will add
extra parasitic losses to the system. To isolate the PA mode with directional and
frequency selectivity, an omni-directional ﬁlter is designed to ﬁlter out other modes.
To design a ﬁlter with feasible parameters, we ﬁrst reduce the AZO thickness to
0.03a to pull the ENZ mode closer to the cross-over frequency [208]. Accordingly,
it is possible to design a ﬁlter with a narrow, omni-directional transmission band
around 0.8c/a. The designed ﬁlter is A(0.5L)(HL)8 (0.5L)A, where L and H indicate
low- and high-index materials with indices nH = 3.6, and nL = 1.37, respectively,
and A indicates air or vacuum. These refractive indices values can be realized using
Si and MgF2 materials system. Thicknesses of alternating layers are dH = a/6.4
and dL = a/3.2, while the thickness of the top and the bottom layer is dL /2. The
ﬁlter is placed at a distance tgap = 4a. The purpose of this gap distance is to avoid
direct interference at the ﬁlter-grating interface, thus allowing the ﬁlter to function
properly without altering the AZO emissivity response. The emissivity function of the
full structure in Fig. 5.2 is plotted in Fig. 5.5, showing a directional mode around
0.78c/a with angular restriction of 18°. Comparison of the bottom structure only
(Fig. 5.3) with the bottom structure in the presence of the ﬁlter (Fig. 5.5) shows
that the ﬁlter only isolates targeted modes, without altering the optical response in
this wavelength range.

5.5

Discussion
The results in section 5.3 summarize the general response of the proposed thermal

emitter with simultaneous spectral and angular control. In this section, we provide
a discussion of other considerations for the TPV system design, including the temperature dependence of optical constants, the separation distance eﬀect, and other
practical considerations for experimental realization of the proposed device.
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Fig. 5.5. The emissivity function of the full emitter structure in Fig. 5.2.
The selected ENZ material is AZO of thickness tENZ = 0.03a, with optical
parameters retrieved from [227] with a Tantalum back reﬂector and a Si
grating. The ﬁlter is design as A(0.5L)(HL)8 (0.5L)A, with nH = 3.6,
nL = 1.37, and dL /dH = 0.8/1.6. The separation gap is tgap = 4a,
with a=900 nm. A selective emission of angular half-width of 18° around
f =0.78c/a is evident.

5.5.1

Practical design considerations

The emitter structure in Fig. 5.2 is designed to operate at extremely high temperatures. Thus, it is important to make sure that all the involved materials have
a melting point well above the operating temperature, since nanostructures tend to
melt at lower temperatures than their bulk counterparts [71]. SiO2 can be used as a
low-index material in the ﬁlter, with its melting point at 1983 K. The melting point
of a highly doped ZnO material, as extracted from [227], can be estimated using the
method described in [228]. The estimated new melting point at the given dopant
concentration is 2197 K which is still considerably high.
Considering fabricating the structure, standard deposition and lithography techniques can be used to fabricate the bottom and the top structure in Fig. 5.2. Maintaining the gap between the top and the bottom structure can be realized using
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periodic mechanical posts spaced at separation distances much larger than the periodicity of the grating. Also, a transparent buﬀer layer like Silica aerogel can be
ﬁlled in the gap to maintain mechanical support. Silica aerogel is made of highly
porous Silica with a refractive index close to unity, which also exhibit high melting
point [229].

5.5.2

Temperature dependence of optical constants and emissivity

The emitter structure proposed in Fig. 5.2 involves diﬀerent materials with expected temperature-dependent optical constants. Hence, it is useful to incorporate
theoretical models of this temperature dependence in the optical simulation. For
dielectrics, the thermo-optic coeﬃcient is low ( 10−6 1/K [230]) so the change in its
refractive index is negligible. For Si, three types of temperature-dependent absorption
phenomena are signiﬁcant: bandgap narrowing, above-bandgap absorption, and freecarrier absorption. We use the model presented in [231] that takes these eﬀects into
consideration. For Ta and AZO, we use the Drude-Lorentz model presented in [232]
to take temperature eﬀects into consideration via a temperature-dependent plasma
frequency ωp (T ), and damping factor Γ(T ). This model can be written as:
N
2
ωp2 (T )
ωpn
(ω, T ) = ∞ − 2
+
ω − iωΓ (T ) n=1 ωT2 n − ω 2 − iωΓT n (T )

where

∞

(5.5)

is the permittivity at inﬁnite frequency, ω is the angular frequency, ωT n and

ΓT n are the resonance frequency and the damping factor of the nth Lorentz oscillator.
The temperature dependence of the plasma frequency ωp (T ) and the damping factors
Γ (T ) and ΓT n (T ) can be expressed as follows:
ωp (T ) =

ωp (T0 )
,
1 + α (T − T0 )

Γ (T ) = Γ (T0 ) ·

T
T0

(5.6)

β

,

(5.7)

where α is the thermal expansion coeﬃcient (1/K), β is a general exponent describing
the phonon population increase with temperature [233], and T0 is the reference room
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temperature (300 K). For both AZO and Ta, the damping factor will show a signiﬁcant
dependence on temperature, which is assumed to be linear to ﬁrst order. However,
the actual value of the exponent β is material-dependent. Comparing AZO to other
doped oxides such as Gallium-doped Zinc-oxide and Indium-doped Tin-oxide, AZO
has the lowest damping factor at room temperature [227]. Table 5.1 summarizes
the Drude-Lorentz model parameters for both Ta and AZO. The optical parameters
of AZO are shown in Fig. 5.6 at temperatures 300 K, 873 K and 1573 K. As the
temperature increases, the real part of the permittivity becomes less negative for
longer wavelengths, while the imaginary part increases with temperature.
While the optical constants of doped oxides here assume a simple model for
temperature dependence, experimental veriﬁcation would be necessary to study the
dopant concentration eﬀects at high temperature. Although, it is generally perceived
that operation under vacuum conditions reduces oxidation eﬀects, still additional protective layers may be necessary to maintain the stability of the thin ﬁlm under such
a high temperature.
After accounting for the temperature dependence of the optical properties, we
plot the emissivity contour plots at three diﬀerent temperatures: 300 K, 873 K and
1573 K in Fig. 5.7. They show that the parasitic oﬀ-directional losses and spectral
parasitic losses increase with temperature. Presumably, oﬀ-directional losses result
from the change of the optical constants of the AZO, with the real part becoming
ﬂatter around the cross-over frequency. In the absence of the ﬁlter, Ferrell-Berreman
mode and the PA mode become nearly indistinguishable at higher temperatures.
Extra losses from the Ta back metal and the Si grating may also contribute to oﬀdirectional emission. The increased spectral parasitic losses are mainly caused by the
increased ENZ mode spectral width at higher temperature, also in consistence with
the observed results in [214]. This also might be a consequence of the AZO optical
parameters temperature dependence at longer wavelengths. It is worth mentioning
that the angular dispersion in Fig. 5.7 is a ﬁlter-dependent property, caused by
Bragg reﬂection at diﬀerent incident angles. In contrast to emissivity plots in [202],
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Fig. 5.7 illustrates a complementary response, where the high-emissivity is restricted
to a speciﬁc range of angles and frequency, with frequency selectivity mainly provided
by the ﬁlter. However, in [202] a low-emissivity response is restricted to a speciﬁc
range of angles and frequencies, with the frequency selectivity provided by material
absorption.

Table 5.1.
Drude-Lorentz Parameters of Ta and AZO at 300 K (eV)

Material
Drude parameters

Lorentz parameters

Ta

AZO
ωp

Γ

1

7.34153

0.06387

ωp1

ωT 1

ΓT 1

22.465

5.91157

11.913

∞

∞

3.5402

ωp

Γ

1.7473

0.04486

Fig. 5.6. Temperature dependence of the optical constants of AZO at
high temperatures. Drude- model is used to construct this ﬁgure, with
parameters retrieved from Table. 5.1 and applying (5.5), (5.6) and (5.7).
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Fig. 5.7. The change of emissivity function at high temperatures ((b)
T =873 K, and (c) T =1573 K) compared to room temperature ((a) T =300
K) parameters. The change of the optical parameters with temperature
causes an increase in the parasitic spectral and oﬀ-directional radiation,
increasing losses of view factor at higher temperatures.

5.5.3

TPV eﬃciency

The TPV eﬃciency is computed as mentioned earlier in section 3.2. The system
shown in Fig. 5.1 is simulated with l1 = l2 = L, and D = 1.5L, with a TPV
diode having a unity ideality factor and a unity EQE. Neglecting any changes of
the emissivity at high temperatures, we assume an emitter temperature Te =1573
K. Then the TPV diode bandgap Eg is swept from 0.8 eV to 1.2 eV to determine
the bandgap that maximizes the TPV eﬃciency. The optimum bandgap can be
readily deduced from Fig. 5.5 near the cut-oﬀ of the ﬁlter to be around a normalized
frequency of 0.78c/a ( 1154 nm). Sweeping the bandgap shows a maximum of 11.66%
at 0.92 eV (1348 nm) in Fig. 5.8(a). The drop in the TPV eﬃciency above the
maximum bandgap is due to shifting the bandgap towards wavelengths shorter than
the ﬁlters cut-oﬀ wavelength, and thus increasing parasitic losses compared to the
useful portion above the bandgap. Below the maximum point, the dark current
increases exponentially as the bandgap decreases exp (−Eg /kTd ), where Td is the diode
temperature, thus reducing VOC , and the eﬃciency in consequence. The absolute low
eﬃciency values are mainly caused by the emissivity beam divergence with distance,
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which suggests using higher angular restriction for large values of separation distances
D. In terms of the view factor, a planar Lambertian heat source should be placed as
close as possible to the receiver to enhance the view factor. In case of directional
heat sources, the view factor will also depend on the distance between the emitter
and the receiver. The directionality of the source collimates heat radiation towards
the receiver, but the beam divergence limits the separation distance. In the proposed
design in Fig. 5.5 and Fig. 5.7, the halfwidth of the beam is almost 20°, corresponding
to rapid divergence. In Fig. 5.8 (b) and (c), the dependence of the computed TPV
eﬃciency with the separation distance D is plotted. Assuming reasonable values
of L that maintain the far-ﬁeld radiative heat transfer regime (L > 12 microns in
this case), the plots span values of D = 0.2L to 4.7L. In this range, near-ﬁeld
heat transfer will not occur to a measurable degree. To quantify the eﬀect of beam
divergence, we ﬁrst plot the TPV eﬃciency for an ideal emitter that have zero oﬀdirectional losses and zero parasitic spectral losses. We assume the same spectral
width of the emissivity function in Fig. 5.5, the same temperature (1573 K) and
the same TPV diode parameters at the optimum bandgap obtained in Fig. 5.8(a).
The computed TPV eﬃciency in Fig. 5.8(a) shows a signiﬁcant reduction of the
TPV eﬃciency from 50.48% at D/L=0.2 to 17.9% at D/L=4.7. To further isolate
the eﬀect of angular and spectral selectivity, we estimate the contribution of each
kind of selectivity in absence of the other. For example, in Fig. 5.8(b), the eﬀect
of switching oﬀ angular selectivity, i.e. extending the emissivity function at 0° over
the whole range of angles, while forcing zero sub-bandgap emission, is shown. A
reduction of the eﬃciency from 44.58% at D/L=0.2 to 5.22% at D/L=4.7 is noticed
in this case. Likewise, we switch oﬀ ideal spectral selectivity by using the same values
of the emissivity function in Fig. 5.5 from 0° to 20° and setting the emissivity to zero
otherwise. In this case, a reduction of the eﬃciency value at D/L=0.2 to 14.3% is
noticed because of the increased spectral parasitic losses. At longer distances, the
angular selectivity becomes less eﬀective, and drops to almost 5% at D/L=4.7. In all
the studied cases, the selectivity in general outperforms the blackbody eﬃciency at
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all separation distances. Particularly, at D/L=4.7, the relative enhancement of the
TPV eﬃciency reaches 32x compared to a typical blackbody emitter. Then, the TPV
eﬃciency is computed for the non-ideal emissivity functions in Fig. 5.7, and plotted in
Fig. 5.8(c). Using the contour plot in Fig. 5.7(a), with optical parameters computed
at 300 K and assuming an emitter temperature of 1573 K, the TPV eﬃciency drops
to 28.15% at D/L=0.2. This signiﬁcant reduction is caused by increased spectral
and angular parasitic losses. At longer distances, the losses increase as the beam
diverges more reaching 4.055% at D/L=4.7. To further estimate the enhancement
due to angular selectivity alone, we switch oﬀ angular selectivity, by just extending the
spectrum at 0° over the whole range of angles. We notice an average enhancement
of 1.13x added by the angular selectivity. Compared to a blackbody at the same
temperature, Fig. 5.7(a) results in larger enhancement as the separation distance
increases, and shows an average enhancement factor of 7.2058x. It is also noticeable
that the angular selectivity reduces the eﬃciency at shorter distances, because of
the reduced collected emission with angular restriction compared to omni-directional
emission. Finally, using the contour plot in Fig. 5.7(c), i.e. with optical parameters
computed at 1573 K, the eﬃciency is reduced to 20.52% at short separation distances
and to 2.91% at a distance of D/L=4.7. The average enhancement added by angular
selectivity is reduced to 1.0861x. This reduction is due to the increased parasitic oﬀdirectional and spectral losses. Comparing to a blackbody at the same temperature,
Fig. 5.7(c) results in a reduced average enhancement factor of 5.38x, and particularly,
3.9x relative enhancement compared to the blackbody at D/L=4.7. From Fig. 5.8(b),
it is obvious that the increased parasitic losses, both angular and spectral, weakens
the beneﬁt of angular selectivity. The results in Fig. 5.8(b) and 8(c) suggests that the
proposed design in Fig. 5.1 is susceptible to angular parasitic losses. Thus, adding
the requirement of having a sharp angular selectivity that is diﬃcult to obtain and
maintain in realistic situations.
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Fig. 5.8. (a) The computed TPV eﬃciency as a function of the TPV diode
bandgap. The separation distance between the emitter and the receiver is
set to D = 1.5l1 = 1.5l2 . The ﬁgure shows a maximum TPV eﬃciency of
11.66% at a PV bandgap of 0.92 eV. (b), (c) Plots of the TPV eﬃciency
dependence with distance D: (b) using an ideal spectral and angular selective emitter, with zero sub-bandgap losses and zero oﬀ-directional losses:
The highest eﬃciencies can be extracted from an emitter with ideal spectral and angular selectivity, and (c) using the designed selective emitter
with diﬀerent temperature optical parameters.

5.6

Conclusion
We have presented a design of a thermal emitter exhibiting simultaneous control

of angular and spectral properties for TPV application. Spectral selectivity allows
for higher potential TPV eﬃciencies. Angular restriction enables much higher view
factors at signiﬁcantly greater separations. These objectives are achieved utilizing resonant absorption phenomena in ENZ thin-ﬁlms coupled through a grating structure.
The TPV system eﬃciency is computed for angular and spectral selective thermal
emission. A relative enhancement of 3.9x over a blackbody emitter at the same
emitter temperature and receiver conditions has been achieved. Despite the small
enhancement factor, the absolute eﬃciency can still reach 5% at large separation
distances (5 times the emitter size) that are still suitable for compact TPV devices.
This enhancement factor increases at shorter separation distances and lower beam
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divergence. With the presence of parasitic spectral and angular emission, the TPV
eﬃciency drops signiﬁcantly compared to an emitter with ideal angular and spectral
selectivity. The results suggest that eliminating oﬀ-angular and parasitic spectral
emission could potentially result in a relative enhancement of the TPV eﬃciency up
to 32x over a blackbody at large separation distances. The presented study shows
the potential value of simultaneous spectral and angular selectivity, oﬀering more
ﬂexibility in designing high eﬃciency, reliable TPV systems.
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6. METASURFACES WITH FANO RESONANCES FOR
DIRECTIONALLY SELECTIVE THERMAL EMISSION
Here, we will focus on using metasurfaces in conjunction with refractory materials as
a platform for achieving selective control of emission. These structures are built from
sub-wavelength elements that support localization of surface plasmon polaritons or
electromagnetic resonant modes with appropriate attributes. Modeling is performed
using RCWA, which is further validated using ﬁnite-diﬀerence time domain (FDTD)
simulations and coupled-mode analysis. Such structures can be considered arbitrarily
directional sources that can be carefully patterned in lateral directions to yield a
thermal lens with a designed focal length and/or concentration ratio; the beneﬁt of
this approach is that it can enhance the view factor between thermal emitters and
receivers, without restricting the area ratio or separation distance. This design and
modeling platform is then applied to exclude thermal radiation over a certain range
of angles. In this work, we study the eﬀect of controlling the angular width and
direction on the view factor, and we explore angular dependence of these angular
selective structures 6 .

6.1

Introduction
To maintain a high view factor in a TPV system, emitters are typically placed

close to the PV converter, this in turn requires eﬀective cooling techniques for PV
diodes. In this chapter, a new strategy is suggested to improve the view factor
between a planar emitter and receiver, with relaxed restrictions on the separation
distance between them and their area ratio. The proposed design makes use of angle6

Adapted from E. Sakr, D. Dimonte, and P. Bermel, “Metasurfaces with Fano resonances for directionally selective thermal emission,” MRS Advances, pp. 1–10, Jul. 2016.
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restricted, directional thermal emitters with arbitrary directionality [234]. These
directional elements can be arranged and engineered over the emitter surface to focus
all the emission on the receiver, as shown in Fig. 6.1(b). This technique was previously
suggested for achromatic metasurfaces [181], and focusing of SPP modes [182].



  

    


1


0







   

Fig. 6.1. (a) In thermophotovoltaic conversion of heat to electricity, a
wavelength-selective emitter with a spectrum matched to the PV device
bandgap enhances eﬃciencies. (b) An angle-selective emitter placed away
from the PV device eﬃciently directs thermal emission to a distant receiver.

The directional elements are periodic metallic gratings with asymmetric geometry that couples thermally excited SPP modes to free space propagating modes.
Potential directional emitters are lamellar gratings [117, 183], sawtooth or blazed
gratings [182, 234], and slanted gratings [235]. An example of symmetric-sensitive
directional grating is shown in Fig. 6.2. The asymmetric angle-dependent emission
was discussed in a previous work [234].
Finally, we consider how Fano resonances can be used to create a complementary
pattern excluding thermal emission over a narrow angular range. These structures
may also have their own set of applications and/or in combination with narrow angular
range emitters.
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6.2

Theory
To estimate the improvement of the transfer of power from a source to a receiver

based on directional thermal emitters, as shown in Fig. 6.1b, it is useful to quantify
the limits of the fraction of emitted power that can be received (the view factor) in
the ideal case of angle-restricted elements of angular width Δθ emitting with unit
emissivity in an arbitrary direction θ, as a function of various length ratios and separation distances between the emitter and the receiver, and assuming zero emissivity
otherwise. In two dimensions, the view factor between an inﬁnite stripe of width
l1 , facing, and parallel to an inﬁnite stripe of width l2 , with a separation distance d
between them is deﬁned by the following relation, as derived from [177]:

F12
where r =

1
= lim
w1 ,w2 →∞ l1 w1

w1 /2
l1 /2
y1 =−w1 /2 x1 −l1 /2
w2 /2
∞
y2 =−w2/2 x2 =−∞

cos2 θ
πr2
cos2 θ
πr2

,

(6.1)

(x2 − x1 )2 + (y2 − y1 )2 + d2 ), and cos θ = dr . The above equation ﬁrst

computes the radiated power from an inﬁnitesimal area dx1 dy1 on the surface of the
emitter that is intercepted by the receiver, then is integrated over the surface area of
the emitter, and ﬁnally divided by the total emitted power by the emitter in space.

Fig. 6.2. A metallic periodic blazed grating for symmetric-sensitive emission. The period a, and the angles θs ,θc , and the height h control the
direction of emission and the maximum emissivity amplitude at a given
wavelength.
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First, we validate this approach by conﬁrming that the results obtained from (6.1)
for l1 = l2 and l2 = 0.5l1 and plotted in Fig. 6.3(a), match very well with the analytical
solution obtained in prior work [177]. Then a contour plot of the unrestricted view
factor is computed for the case when l1 = l2 with diﬀerent values of separation distance,
and plotted in Fig. 6.3(b). The plot implies that a unity view factor is not possible,
unless the two stripes are closely separated. Finally, a contour plot of the view factor
with diﬀerent values of l1 and l2 at a ﬁxed distance d is plotted in Fig. 6.3(c). The
plot implies that a unity view factor is achieved, if l1 < l2 , or simply when all the
emitted power is collected by the wide receiver. Although this is a simple solution
to increase the view factor, it does not take into account the photon recycling eﬀect.
If the photon recycling is taken into account, losses in the view factor will arise
because of the portion of emitted power that is not reﬂected back towards the emitter.
Consequently, the proposed design in Fig. 6.1(b) is advantageous for external photon
recycling.

Fig. 6.3. (a) View factor in 2D between parallel stripes of the same widths
(circles) and of unequal widths (squares) computed using (1), and with
excellent matching to the analytical solution from [177] (dash-dotted and
dashed, respectively). (b) The view factor of equal plates of widths l1
separated by distance d. A unity view factor is obtained when d
l1 .
(c) The view factor between two stripes of unequal widths. A unity view
factor is observed when l1 < l2 , photon recycling losses are not taken into
account in this computation.
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6.3

Results and discussion

6.3.1

View factor enhancement

In the following, we place ideal directional, angle-restricted emitters on the emitter
surface, with the directional angle designed to change linearly over the surface, to be
directed towards the emitter. We ﬁrst consider the case when the two stripes have the
same width l1 = l2 = L. In this case, all the directional elements are emitting towards
the normal direction. Fig. 6.4(a) shows the view factor for separation distances
ranging from d =0 to d =5L, and with angular widths 0 < Δθ < 180°. The view
factor reaches unity for very small values of Δθ ≈ 1°, or for very small values of d,
and degrades quickly, especially for larger separation distances. This strict angular
dependence makes the design vulnerable to any background non-directional emission,
since the portion of the directional power to the total power is small. Hence, with
more realistic lossy directional emitters, a close-to-unity view factor is very diﬃcult to
maintain in this situation. In fact the results obtained in Fig. 5.8(b) and (c) conﬁrms
this expectation. The second case is shown in Fig. 6.4(b), where the directional angle
is allowed to conform with from the edge of the emitter to the edge of the receiver,
and decreases linearly till it reaches zero at the centers. Assuming that the emitters
width is 5 times the receiver's width, the view factor is plotted in Fig. 6.4(b). It
is evident that a close-to unity view factor is possible for highly restricted angular
emitters, i.e. Δθ ≈ 1°. However, the view factor also degrades quickly for larger
values of Δθ, especially for larger separation distances.
Thus, an improved design that relaxes this strict condition is to arrange the directional angles to target the center of the receiver, as shown in Fig. 6.4(c). The
corresponding view factor equals unity for values of Δθ ≈ 10°, thus it is expected
to design practical directional emitters with small background non-directional emission. This situation suggests that the required directional emitters should exhibit
suﬃciently low integrated background emitted power, compared to the portion of
emitted power directed towards the receiver. In fact, this condition might be satisﬁed
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Fig. 6.4. View factor between emitter and receiver with engineered
restricted-angle directional emitters. (a) Two stripes of similar widths.
(b) Emitter larger than the receiver with edge-to-edge engineered directional emission. (c) Same as (b) but with concentrated engineered directional emission. The view factor in (c) remains near unity for a wide range
of restricted angles that make this design more immune to losses.

for low loss metals, such as Tantalum, at long wavelengths, e.g. at 2500 nm. The
only problem in this case, is that the angular width, and the maximum directional
emissivity both depend on the absorption loss quality factor of the material, hence
the directional peak will have small angular widths < 1°. However, it is possible that
a ﬁnite number of periods of gratings [236] would exhibit an increased angular width,
as a result of applying a spatial window function to the periodic grating structure,
similar to the array factor of antenna arrays [237].
As a next step, it is appropriate to test the performance of symmetric-sensitive
designed emitters, for example similar to the sawtooth or blazed grating designed in
reference [234], and shown in Fig. 6.2, by placing them with their emissivity function
in the view factor computation, and hence estimate the losses that arise from the
oﬀ-directional emission. It is expected, as mentioned before, that the design in Fig.
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6.4(c) should show higher view factor than the conﬁgurations in Fig. 6.4(a) and Fig.
6.4(b).
To simulate these more realistic structures and see how close they come to the ideal
case, we have several options, including the FDTD method [238], the transfer (T-)
and scattering (S-) matrix methods [239], and the RCWA [164, 240]. The selection of
the simulation method depends on the speciﬁc design of the structures and materials.
For example, the RCWA method is useful for simulating periodic 2D structures, the
S- and T-matrix approaches are useful to study multilayer structures, while FDTD
method can solve arbitrary, periodic or non-periodic 1D, 2D, or 3D structures. Since
all the structures investigated in this work are either multi-layer structures or periodic
gratings, S4 is used to solve for the emissivity as a function of wavelength and incident
angle. Another useful FDTD open source code developed in MIT is MEEP [241],
which will also be used for resonant modes extraction and obtaining absorptivity
spectra. In the following section, we use a combination of MEEP and coupled mode
theory to validate our understanding of these angular emitters.

6.3.2

Coupled mode theory analysis of Fano resonance directional modes

The directional absorption by metallic grating exhibits an asymmetric Fanoresonant shape, as a result of the interference between the bulk metallic absorption
background, and the resonant SPP absorption. In this way, the emission spectra obtained for metallic gratings, can be analyzed in the framework of the coupled mode
theory [242]. Hence, it is possible to obtain the optimum dimensions of the grating, as well as the optical constants of the metal, that will enhance emissivity at
the target wavelength and angle, without the need to invoke exhaustive absorption
simulation with optimization algorithm. The main concept depends on satisfying the
Q-matching condition [243]. The Q-matching condition is directly obtained from the
CMT for resonant modes with quality factors larger than 20. Hence the absorption is
maximized when the absorption loss rate equals the radiation loss rate, as a result of
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impedance matching between the two loss rates. Then, by Kirchhoﬀ's law of thermal
radiation, the emissivity is maximized as well.
A useful tool for obtaining the resonant modes and their quality factors (Q) is
the harmonic inversion (Harminv) [244] function implemented in MEEP [241] which
expresses the resonant modes into a summation of complex harmonics, and then
extracts the resonant modes and their quality factors. Applying Harminv on the
lamellar grating case, designed in reference [117], showed a good agreement with
the obtained resonant peak from absorption simulation, as shown in Fig. 6.5. The
lamellar grating is made of Tungsten at 4530 nm with period a = 0.66225λ, and
depth t = 0.02759λ, and 50% duty cycle. The lamellar grating structure is depicted
in the inset of Fig. 6.5.

Fig. 6.5. The directional resonant peak obtained from CMT (solid) in
good agreement with the absorption simulation (dashed). The lamellar
grating structure is shown in the inset.

The radiation quality factors are obtained by removing the losses from the metal
and obtaining the resonant modes by Harminv. The losses then are inserted again to
obtain the total quality factors, from which the absorption quality factors can be extracted. For the studied lamellar grating case, two modes where found at frequencies
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of 0.6679 and 0.668 in MEEP units, and total Q of 294, 783, respectively, and radiative Q of 469, 1969, respectively. It is thus expected that applying the coupled mode
theory can easily describe the resonant spectrum of diﬀerent grating geometries, hence
assists in designing their parameters based on the Q-matching condition [59, 245].
Finally, preliminary studies of the eﬀects of these types of emitters have shown
the dominant role that parasitic emission can play in the case of high-Q emitters.
As an example, a directional emitter made of tantalum lamellar shallow grating is
designed to have an emission peak around the normal direction with full-width at
half-maximum of 4°. This emitter shows a view factor of 0.498 at values of D/L = 5
compared to a view factor of 0.099 for a blackbody at the same distance. It is worth
mentioning that the peak maximum emissivity was 70% with an average background
emissivity of 4.7%. This view factor, however, degrades to 0.135 when the peaks are
made narrower with full-width at half-maximum less than 1° with 100% maximum
peak emissivity and an average emissivity of 2.62%. Although these results seem
contradicting with the plot in Fig. 6.3(a), it is important to notice that background
oﬀ-angular emission realistically will contribute to major losses to the ideal view
factor, leading to a signiﬁcant reduction, specially when the peaks are very narrow.
While tungsten or tantalum in the near-infrared may not be suﬃcient to achieve
a large enhancement of the power transfer because of this loss mechanism, adding
ﬁlters or operating at longer infrared wavelengths may be a regime where signiﬁcant
advantages to this approach can be realized.

6.3.3

Normal angular absorption prohibition

Now we consider the complementary emitter scenario, where the radiating element is required to exhibit emission in all directions, except for a speciﬁc range of
angles, where the emission should be prohibited. Some applications may require this
sort of behavior, such as the protection of vulnerable elements from direct exposure
to heat radiation. This kind of device can be realized utilizing an angular selective
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transmission ﬁlter, placed on top of a radiating/absorbing element. The proposed
structure makes use of a high contrast grating [217], or a high-index dielectric photonic crystal slab [243], that show wideband reﬂectivity for normal incidence, and
slightly oﬀ-normal incidence [246]. The wideband reﬂection is attributed to destructive interference of spatial modes at the exit of the gratings [217]. However, for higher
values of lateral momentum or kx , Fano-resonant transmission modes are coupled. It
was shown that the HCG does not keep the wideband reﬂectivity property for all the
incident angles, except for a narrowband of angular range around zero [246], beyond
which coupling to narrowband transmission mode takes place. Hence, it is expected
that absorption (or emission by Kirchhoﬀ's law) in or from the absorbing substrate
is reﬂected by the HCG for a narrow angular range around the normal incident angle
at the resonance frequency. The proposed structure is depicted in Fig. 6.6(a).
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Fig. 6.6. (a) The structure suggested for forbidden absorption around
the normal direction: resonant HCG on the absorbing material on a substrate. (b) Contour plot of the directional absorption, the bottom panel is
the directional absorption with a dip around normal, measured at f =0.47
(c/a). (c) The bandstructure of the resonant grating in air, in good agreement with the resonant band in (b). (d) The quality factor obtained from
MEEP and from absorption simulation in S4 as extracted from (b).
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A preliminary design uses a Si grating, assuming that it is thermally transparent
at the wavelength of interest. The period a of the grating is kept at 700 nm, with a Si
width w of 0.77a, and thickness (t) of 400 nm. The dielectric constant of the absorber
is 2.5+0.005i, and is assumed to be optically-thick to obtain the maximum absorption. It is worth mentioning that the absorber material is not required to exhibit
strong absorption coeﬃcient, since the grating ﬁlter controls the transmission to the
absorbing substrate. Hence, the only requirement is to maintain an optically-thick
absorber substrate. The emissivity is calculated using S4 and plotted for wavelengths
from 1400 nm to 1500 nm and incident angles from 0° to 87°. The bandstructure of
the Si grating suspended in air is also computed using Harminv [244] in MEEP [241].
Fig. 6.6(c) shows the computed bandstructure for p-polarized modes for diﬀerent
values of the lattice vector kx . For the sake of comparison, the calculated emissivity
from S4 is plotted in Fig. 6.6(b), with normalized frequency and wavevector units
of (c/a), and ( 2aπ ), respectively, comparable to MEEP units. The bottom panel of
Fig. 6.6(c) shows the stop-angle ﬁltering behavior of the device at f = 0.4717c/a.
In comparison with the bandstructure in Fig. 6.6(a), the obtained band is a little
shifted, but the quality factors extracted from the resonant modes in Fig. 6.6(b) and
Fig. 6.6(c) are in reasonable agreement. The quality factor of the Fano-resonant
mode extracted from the emissivity calculation is measured as the nearest frequency
to the frequency of maximum amplitude that has an amplitude half of that of the
peak amplitude.
Since Si shows an increased free-carrier absorption at near infrared wavelengths,
it might be replaced by a low-absorbing high bandgap material, such as GaN, AlN,
or SiC. The dimensions of the grating then should be optimized to maintain a similar
bandstructure and reﬂectivity at the wavelength of interest. Of course, the greatest
beneﬁt of this approach would be achieved with arbitrary direction tuning, unless the
emitter is assumed to be much smaller than the receiver.
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6.4

Conclusion
In conclusion, we found that angular restriction has potential to signiﬁcantly en-

hance thermal transfer between a source and a receiver, particularly if the angular
restriction can be continuously graded to point toward the center of the receiver plane.
We then discussed Fano resonances as a particular approach capable of both creating
narrowband emission at targeted frequencies and angles. We ﬁrst showed good agreement between the performance predicted by FDTD simulations and coupled mode
theory. We then considered the potential for emitting over many angles except close
to the normal, and showed that FDTD and RCWA simulation techniques match fairly
well.
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7. ANGLE-SELECTIVE REFLECTIVE FILTERS FOR
EXCLUSION OF BACKGROUND THERMAL EMISSION
Selective ﬁltering of spectral and angular optical transmission has recently attracted
a great deal of interest. While optical passband and stopband spectral ﬁlters are
already widely used, angular selective transmission and reﬂection ﬁltering represents
a less than fully explored alternative. Nonetheless, this approach could be promising for several applications, including stray radiation minimization and background
emission exclusion. In this work, a concept for angle-selective reﬂection ﬁltering using guided mode resonance coupling is proposed. Although guided mode resonance
structures are already used for spectral ﬁltering. In this chapter, a novel variation
on angle-selective reﬂection ﬁltering using guided mode resonance coupling is proposed. We investigate angle-dependent properties of such structures for potential
use as angularly selective reﬂection ﬁlters. We utilize interference between diﬀraction
modes to provide tunable selectivity with a suﬃcient angular width. Combining these
structures with thermal emitters can exclude selected emission angles for spatially selective thermal emissivity reduction toward sensitive targets, as well as directionally
selective emissivity exclusion for suppression of solar heating. We show a very large
selective reduction of heat exchange by 99.77% between an engineered emitter and a
distant receiver, using just a single groove grating and an emitting substrate in the
emitter's side. Also, we show a selective reduction of heat exchange by approximately
77% between an emitter covered by engineered sets of angular selective reﬂection ﬁlters and a nearby sensitive target. The suggested angle-selective structure may have
applications in excluding background thermal radiation: in particular, thermal emis-
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sion reduction for daytime radiative cooling, sensitive IR telescope detectors, and
high-ﬁdelity thermoluminescent spectroscopy 7 .

7.1

Introduction
Controlling the angular selectivity of optical transmission is a recently emerg-

ing branch of photonics, which has recently attracted a great deal of interest [247–
251]. With recent advances in nanophotonics, broadband angular selectivity has
recently been achieved in the laboratory. Some examples include microscale compound parabolic concentrators to limit the emission angle for solar cells [247, 252],
non-resonant Brewster modes in metallic gratings for angle-selective broadband absorption and selective thermal emission [253] and 1D photonic crystal heterostructures [116, 254]. This approach can also allow for signiﬁcant reduction of unwanted
optical noise over a wide frequency range [250]. These examples show that selective
angular transmission is well-established. However, a tunable angle-selective reﬂection
peak has not been demonstrated yet. In fact, Babinet's principle indicates that it
should generally be possible to achieve such a goal, through processes such as inversion [255]. Such an approach could be uniquely useful for elimination of unwanted
optical components from a certain direction, for example to mitigate optical noise
eﬀects from a known source. However, achieving this goal requires a methodology to
fully control directional angular reﬂection peaks or transmission nulls, exactly like a
notch ﬁlter in the spatial angular domain.
In this chapter, we present a methodology to design arbitrary control of angular
selectivity using reﬂection resonances. We propose guided mode resonance (GMR)
ﬁlters [256] to provide this functionality, using HCG [217], or more generally photonic
crystal slabs [59, 257]. The resonant selective behavior of GMR ﬁlters results from
interference of resonances in the high index decorated slab with the background transmission, and manifests itself as a Fano-resonance lineshape [257]. It has been shown
7

Adapted from E. Sakr and P. Bermel, “Angle-Selective Reﬂective Filters for Exclusion of Background Thermal Emission,” Phys. Rev. Applied, vol. 7, no. 4, p.044020, Apr. 2017
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that GMR modes strongly depend on the incident angle on the slab and polarization [258]. Thus, they could provide tunability over incident angles and wavelengths.
Also, the angular properties of wideband GMR reﬂectors has been theoretically and
experimentally demonstrated recently [259]. Since GMR modes experience both index
guiding and photonic bandgap conﬁnement, their associated quality factors are usually high [256,258]. It is also possible to modify their behavior by controlling coupling
to multiple diﬀraction modes. The physics can be understood through the framework
of the coupled mode theory [242], where a resonant mode can have diﬀerent decay
channels according to the associated loss mechanisms. For example, if the GMR ﬁlter
is suspended in air, there will be two decay channels in forms of reﬂection and transmission at the two surfaces of the slab. When the number of decay channels increase
due to the presence of multiple diﬀraction orders, the quality factor will decrease.
Hence, it is possible to control the angular width, as well as the resonance frequency
quality factor based on this argument. Moreover, these loss rates control the resonant
mode amplitude [58]. Controlling coupling parameters and loss rates can be achieved
mainly by controlling the geometry of the GMR ﬁlter, primarily the lateral period
of the structure and the thickness of the slab. We show simple structures based on
GMR ﬁlters that exhibit selective reﬂection angular property over a given frequency
range. The simplest example is a single groove HCG for a given incident light polarization. In our previous work [192], we showed that this HCG can be designed to
exhibit reﬂection angular selectivity around the normal direction. The mechanism
depends on destructive interference at the exit of the slab, despite the presence of the
resonant mode. In this paper, we propose double groove HCG for larger tunability
of guided mode resonances over incident angles. We also place a low-loss absorber as
a substrate, and use GMR ﬁlters to control absorptivity, and emissivity as implied
by Kirchhoﬀ's law of thermal radiation [226]. Consequently, GMR ﬁlters can be used
for spatial control of thermal emission nulls, where a speciﬁc region on a receiver
admits reduced emissivity. The chosen design of the double groove grating allows for
lower quality factor, and wider angular widths of the emission nulls, hence provides
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ﬂexibility for designing thermal emitters and receivers. One of the applications that
may beneﬁt from reﬂection angular selectivity is daytime radiative cooling [260, 261],
a passive process in which the cooling power increases rapidly with temperature. To
avoid counterproductive heating by sunlight that cancels out this beneﬁcial cooling
eﬀect, a solar-blind thermal emitter is needed. Also, angle-selective reﬂection ﬁlters
can be useful to reduce or eliminate noise from nearby thermal emitters in sensitive
optical detectors. One example is stray thermal emission in IR telescopes that limits
the signal-to-noise ratio (SNR) due to unavoidable emission from the telescope structure itself [262]. In certain cases, optical ﬁlters and traditional cooling approaches can
help [263,264], but there are limits to the performance that can be achieved with this
approach. Higher SNRs could be achieved by engineering angle-selective reduction
of thermal emissivity to suppress unwanted thermal emission at the detector, while
maintaining suﬃcient thermal emission elsewhere to keep important components at
acceptable temperatures. Another example where stray thermal emission limits the
detection of optical signals is thermoluminescent spectroscopy (TLS) [265–267] for
dosimetry and aging. In TLS systems, when a luminophor is heated, it is provided
with suﬃcient thermal energy to release a metastable state that emits electromagnetic
radiation. If the emitted optical signal is weak, or is near red wavelengths, it may be
very diﬃcult to detect amidst blackbody radiation from heaters [267–269]. Several
methods to reduce blackbody radiation noise from heaters include using lock-in ampliﬁers [270], photon counting [271], diﬀerential measurements to subtract blackbody
contribution [266], and minimizing exposed heater area [268], as well as employing low
emissivity selective heater structures [269]. These have resulted in signiﬁcant improvements in detection of certain luminophors, but detection of weaker TL emission and/or
in the presence of stronger background signals (e.g., at high temperatures or longer
wavelengths) could beneﬁt from less noisy detection. Therefore, angle-selective thermal emission reduction can also be employed in conjunction with spectrally-selective
approaches to minimize thermal emission towards optical components from exposed
heater surfaces. While there has already been a great deal of work to design spectrally
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and directionally selective thermal emitters within a narrow range of wavelengths and
angles [150, 184, 201], there is still an opportunity to investigate the complementary
design, i.e. directionally selective emission nulls. However, previous concepts for
altering angular reﬂectivity require anisotropic dependence of the permittivity to enhance reﬂection in one direction [272]. Unfortunately, anisotropic permittivity is not
available naturally. Alternatively, resonant reﬂection ﬁlters can provide angular selectivity with simple structures, and simultaneously include spectral selectivity around
the resonance frequency. First, the physics of GMR ﬁlters is discussed to show its
eligibility for angular-selective reﬂection control. Then we utilize the concept of GMR
ﬁlters to reduce thermal emission/absorption towards a distant target. The proposed
thermal emitter reduces energy exchange with the far target in a speciﬁc frequency
range by designing a directional emission/absorption null in the normal direction.
This approach can be useful for daytime radiative cooling through the rejection of
heat absorption from the normal direction where the direct component of sunlight
is received. More generally, for nearby emitting sources, for example the structural
support of an IR telescope, we present an engineered design of a thermal emitter that
spatially excludes the emitted power towards a vulnerable target on the receiver, e.g.
the IR detector, for a given range of emitted wavelengths. In this study, we assume a
quasi-2D problem, in which an emitter surface has inﬁnite length in one direction, and
a ﬁnite length l1 in the other direction. The receiver is also inﬁnite in one direction
and is of the same length as the emitter l1 = l2 in the same direction. The emitter
and receiver planes are separated by a distance D. As shown in Fig. 7.1, the region
of length lt is placed in the middle of the receiver's plane, where the sensitive component is located. Whether the emitter is distant or close to the receiver is deﬁned by
whether D

l1 . If it is not distant, the emitter is segmented into N sections, each of

which has a null emission towards the target at an angle θn , where n is the segments
index, that changes from zero at the center to a maximum value determined based
on the emitter's length l1 , and the separation distance D. The angular width Δθn
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decreases gradually from the center to the sides of the emitter. In this way, radiation
is prohibited towards and around the center, and allowed elsewhere.
l2
Receiver

lt

Low view factor region

D
Δθn

θn

Emitter with spatial angular distribution
l1

Fig. 7.1. Angular thermal emission exclusion: Emitter and receiver of
equal widths l1 = l2 and inﬁnite extension in the perpendicular direction
are separated by a distance D. To reduce the power received at the target
(center area of the receiver), a set of directionally selective segments are
placed over the emitter's surface, so that each segment excludes the emission from its center towards the target's center. The exclusion angular
width should be reduced as the distance between the segment and the
target increases.

7.2

Methods
The emissivity function depends on the wavelength, angle and polarization. To

compute the emissivity function, we use Kirchhoﬀ's law of thermal radiation [226],
which states that the absorptivity equals the emissivity for a given wavelength, angle and polarization in thermal equilibrium. Hence, it is possible to compute the
emissivity dependence with wavelength, angle and polarization, through a reﬂection
and transmission analysis. Hence, based on Kirchhoﬀ's law, we can think that a
directional null of the emissivity means a directional null in the absorptivity, or if
the structure does not allow transmission of incident waves, then a directional null of
absorptivity means a directional maximum of reﬂectivity. This simpliﬁes the requirements of this study, since the problem is now reduced to the angular modiﬁcation
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of reﬂectivity. Therefore, a ﬁlter with the desired angular dependence could be used
on top of a low-loss thick absorber or emitter. In the remainder of this section, we
summarize our approach to precisely calculate the band structure, absorptivity, and
view factor for speciﬁc structures.

7.2.1

Bandstructure computation

The p-polarization guided mode resonances are radiation modes guided in the
grating structure. To compute the locations of these modes, Harminv [244] as implemented in MEEP [241] is used to extract resonance frequencies and their associated
quality factors. The computational cell consists of a unit cell of the GMR on a
semi-inﬁnite substrate of permittivity 2.1. This simulation is 2-dimensional, since
the structure has inﬁnite extent in one direction. Boundary conditions of the computational cell is periodic Bloch boundary conditions on the sides of the unit cell,
with a varying parallel k vector to span values of kx from 0 to 0.5(2π/a). PMLs are
also placed on top and bottom of the computational cell as boundary conditions of
the semi-inﬁnite layers. A Gaussian magnetic current source oriented in the y direction, as shown below in Fig. 7.2(a), is placed in the air above the grating to excite
p-polarized resonant modes.

7.2.2

Absorptivity Computation

RCWA implemented in S4 [164] is used to perform absorptivity calculation. The
unit cell of the absorbing/emitting structure consists of 5 layers; the semi-inﬁnite air,
Si grating, low-loss thick absorber, an ideal metallic back reﬂector with permittivity=−50
and a semi-inﬁnite air bottom layer. To obtain reliable results, the number of in-plane
Fourier modes [164] is set to 30, which gives acceptable accuracy of the results and
does not show a big diﬀerence when the number increases. For each incident angle,
the reﬂectivity R is computed for the designated range of frequencies, then the absorptivity A is 1-R. Fig. 7.2(c) is obtained with a constant permittivity value set
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to 2.1+0.005i, while results in Fig. 7.3 are obtained using a permittivity value with
real part of 2.1 and imaginary part adapted from the absorption coeﬃcient in reference [273] for Yb-doped glass optical dispersion data. The assumption is valid as
long as the absorption coeﬃcient is low enough not to violate the Kramers-Kronig
relation.

7.2.3

View Factor Calculation

The view factor F1−2 allows us to quantify the strength of the thermal exchange,
and is deﬁned as the probability that a thermal photon emitted by one surface A1 is
received by another surface A2 . It is generally given by [177]:


1
cos θ1 cos θ2
F1−2 =
dA1 dA2
,
πr2
A1

(7.1)

where the angles θ1 and θ2 are the angles between the surface normal to inﬁnitesimal
areas dA1 and dA2 , respectively, and the line connecting them, whose length is r.
Symbolic integration of a related expression [192] with respect to y yields a closed
form expression, which can be generalized to incorporate wavelength and angledependent emissivities. The resulting wavelength-dependent view factor F1−2 (λ) is
then given by:
F1−2 (λ) =

l1 /2
l /2
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where f (D, x1 , x2 ) = 0.5D2 / (D2 + x21 − 2x1 x2 + x22 )

3/2

(7.2)

; l1 , l2 and D are the emit-

ter's length, the receiver's length and the separation distance between their centers,
respectively. Note that the receiver's length could be the target's length lt only or
the length of the receiver excluding the target, depending on which view factor we
are seeking. In the latter case, the integration in the numerator is broken into a
summation of two integrals spanning x2 = −l2 /2 to −lt /2, and x2 = lt /2 to l2 /2.
To transform all the computations to Cartesian coordinates x1 and x2 , the emissivity
function (λ, x1 , x2 ) is extracted from the wavelength and angle dependent emissivity
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(λ, θ) obtained from S4 simulations, and transformed via tan θ = (x1 − x2 ) /D where
the origins x1 = 0 and x2 = 0, are placed in the middle of the emitter and the middle
of the receiver respectively. The view factor computed using the above expression was
validated against standard closed form values in [177] for diﬀerent test cases of ideal
blackbody emitter and receiver at diﬀerent separation distances. Photon recycling
eﬀects are neglected.

7.3

Results and discussion

7.3.1

Photonic design for angular exclusion

To demonstrate angular exclusion, we seek angular reﬂection ﬁlters that couple all
incident light into reﬂection modes at a given wavelength, with a suﬃcient angular
width to cover a target location. Accordingly, we propose a design based on Si
HCGs, assuming that Si is thermally transparent in the wavelength range of interest.
As shown in Fig. 7.2(a), it is a double groove grating with a refractive index ng with
period a, and thickness tg , with two ridges of widths w1 and w2 , separated by distance
d. We utilize the design parameters employed in [274], scaled for our target angles
and wavelengths. In previous work, a single groove grating was used for emission
prohibition in the normal direction [192]. Here, a double groove HCG ﬁlter is chosen
because it shows a wide range of tunability of angular exclusion and asymmetry at key
wavelengths. For the purpose of tailoring thermal emission, we put the GMR ﬁlter on
a low-loss absorbing substrate, which could be a piece of transparent ceramic or glass
with low absorption coeﬃcient. The substrate also could be doped with rare earth
dopants, as a method to provide frequency selectivity [65, 170]. Also, a metallic back
reﬂector is placed on the bottom of the substrate to ensure full absorption within a
single reﬂection. Multiple reﬂections, however, may cause diﬀerent behavior, since the
design depends on full transmission, and eventually absorption occurs in the low-loss
thick ceramic substrate.
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To assess the dispersion properties of the double groove HCG, resonant mode analysis is carried out as described in the Methods section using harmonic inversion [244],
available through MEEP [241]. The computed p-polarization bandstructure for an
HCG with ng = 3.49, and a lossless semi-inﬁnite substrate with refractive index
ns = 1.45 is shown in Fig. 7.2(b). The HCG thickness is set to tg = 1.15a with ridge
dimensions of 0.2235a and 0.335a, respectively, separated by a distance d = 0.4a It
is important to mention that all the detected modes are radiation modes, and they
will be resonating inside the HCG and gradually leaking energy to the surrounding
media. In the dispersion characteristics, the onset of subsequent propagating diﬀraction modes is clearly evident. These are marked by the black dashed lines in Fig.
7.2(b). The ﬁrst line marks the onset of the −1st grating transmission mode deﬁned
by kx = kxs − kG , where kx is the wavevector in air, kxs is the maximum propagating
wavevector in the transparent substrate and kG is an integer multiple of momentum
added by the grating lattice primitive vector 2π/a. The second line marks the onset
of the −1st reﬂection mode deﬁned by kx = kx0 − kG , where kx0 is the maximum
propagating wavevector in air. The detected resonance peaks are either reﬂection or
transmission modes, based on the phase diﬀerence between the resonant mode and
the background reﬂection or transmission of the substrate. In terms of the coupled
mode theory, the detected resonant modes are a result of inter-mode coupling between
the involved diﬀraction modes. Since the substrate is lossless in this modal analysis,
the loss mechanisms are purely radiative. The diﬀraction channels involved are the
0th order reﬂection and transmission and the −1st transmission below the ﬁrst dashed
line, above which the −1st reﬂection appears.
To compute the response of the HCG ﬁlter on an absorbing substrate, we use
the structure shown in Fig. 7.2(a) with an absorbing substrate of suﬃciently large
thickness te , with ns = 1.45 + 0.0017i, to represent silica glass with impurities. The ppolarized absorptivity is computed at diﬀerent incident angles and frequencies using
the S4 package, [164] as explained in the Methods section. A contour plot of the
computed absorptivity is shown in Fig. 7.2(c). The diﬀraction mode edges are also
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Fig. 7.2. (a) Angular exclusion emitter segment. The segment consists
of a low-loss absorbing/emitting substrate, and a metallic back reﬂector.
A selective GMR ﬁlter, or a HCG, is placed on top. The value of the
period a is chosen to select a speciﬁc angular exclusion band for a given
wavelength. (b) Bandstructure of a Si double groove grating with a lossless
transparent substrate computed using MEEP Harminv. The detected
modes are reﬂection or transmission resonance peaks. (c) The computed
absorption for diﬀerent incident angles and frequencies, normalized units
are used to compare the transmission with the bandstructure. The band
structure is plotted in magenta to compare the computed bands in (b) with
the absorption spectra. In (b) and (c), the dashed lines are −1st order
transmission and reﬂection modes, respectively. w1 and w2 are assumed
to be 0.335a and 0.2235a, respectively, separated by a distance of 0.4022a.
The grating thickness is 1.15a. (d) Field proﬁles at three diﬀerent points
on (c): (1) Resonant coupling to 0th order reﬂection and 0th and −1st
order transmission, (2) resonant coupling to 0th and −1st transmission,
and (3) resonant coupling to 0th order reﬂection. (e) Absorption spectra
of s-polarized modes, showing that polarization dependence is crucial for
1D grating structures.

evident in Fig. 7.2(c), and a match between the resonant absorption dips and the
band structure in Fig. 7.2(b) occurs where the resonance is primarily reﬂective. We
also notice an asymmetric response above the −1st reﬂection line for positive and
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negative incident angles. This indicates the diﬀerence of the phase proﬁle of the
surface, implied by the non-symmetric geometry of the double groove HCG [274].
It is worth mentioning that this asymmetric absorption does not appear before the
onset of the −1st reﬂection mode. The reason is that only the 0th order reﬂection
was present, and regardless of the asymmetry of coupling to the available diﬀraction
modes in the substrate, the accumulated phases at the exit of the grating to air
will be the same. Accordingly, the sum of the diﬀracted waves in the substrate is
similar if a wave is incident from the right or the left sides. Eﬃcient coupling to the
−1st reﬂection from this HCG and the asymmetric behavior is discussed in details
in [274]. Although the direction of the scattered ﬁelds does not aﬀect emissivity,
the scattering direction makes a great deal of diﬀerence when designing an angularly
selective reﬂection ﬁlter, since the ﬂow of the scattered transmission may be important
to deliver power to subsequent layers. Careful grating design is needed to prevent
power splitting between diﬀraction modes. To better understand the interference
between diﬀerent diﬀraction modes, we present the parallel magnetic ﬁeld proﬁle Hy
at diﬀerent points on the absorptivity plot in Fig. 7.2(c). We choose three points
with considerably diﬀerent ﬁeld proﬁles and plot them in Fig. 7.2(d):
1. The ﬁrst case shows a mode that couples incident radiation to both transmitted and reﬂected modes [incident angle=31° at kx = 0.259(2π/a) and f =
0.5728c/a]. The ﬁeld pattern in air shows interference between the incident wave
and the 0th order reﬂection, since the −1st reﬂection is not yet supported. The
transmitted ﬁeld pattern in the low-loss dielectric shows interference between
the 0th order transmission and the −1st order transmission modes.
2. The second case shows a mode that couples the incident mode to transmission
modes (incident angle=52° at kx = 0.3833(2π/a) and f = 0.486c/a]. The
transmitted ﬁeld pattern in the low-loss dielectric shows interference between
0th order transmission and −1st order transmission modes.
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3. The third case shows a mode that couples all incident radiation to reﬂection
modes (incident angle=31° at kx = 0.2505(2π/a) and f = 0.486c/a]. The ﬁeld
pattern in air shows interference between the incident wave and the 0th order
reﬂection, since the −1st reﬂection is not yet supported.
Finally, the proposed design will only be eﬀective with the p-polarized component
of stray thermal radiation. To show the signiﬁcant dependence on the polarization state, we plot the absorptivity spectra for s-polarized incident plane waves in
Fig. 7.2(e). It shows that the resonant modes are signiﬁcantly diﬀerent than the
p-polarized resonant modes. However, it is still possible to use a polarization ﬁlter
at the target to screen out the s-polarized incident radiation. Another possible solution is to consider polarization-independent GMR ﬁlters, for example by using 2D
structures [275,276] or by engineering the GMR ﬁlter such that the s- and p-polarized
resonant modes match at a single frequency [277]. It is also important to emphasize
that the GMR ﬁlter material selection is arbitrary, as long as the reﬂection directional
resonances could be tuned for the diﬀerent emitter segments.

7.3.2

Frequency selectivity and segments design

For the design depicted in Fig. 7.1, each emitter segment should have a spatiallydependent emission null; thus, it is necessary to modify the angular dependence of
the emissivity function for each segment. The contour plot of Fig. 7.2(c) is the
basis of the design of the individual emitter's segments. One can choose an arbitrary
null angle, and select the corresponding normalized frequency, from which a value
of the period a can be selected. To constraint the spectral response we choose a
frequency selective doped transparent substrate. We assume a Yb-doped glass as
a frequency selective emitting substrate, with a peak absorption coeﬃcient around
950 nm. The frequency selective absorption coeﬃcient masks the contour plot in
Fig. 7.2(c) and selects only a band of frequencies with some angular dispersion. An
example is plotted in Fig. 7.3(a), with the value of a= 440.26 nm. In designing
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the segments, the period is chosen such that the selective frequency band is in the
range of normalized frequencies between 0.4c/a and 0.5c/a, to exclude emission in a
single direction while avoiding unnecessary elimination of emission in other directions,
at a given wavelength. Another advantage of choosing the absorption nulls in this
normalized frequency range is that the angular width of the null direction decreases for
larger angles, which fulﬁls the original requirement of the emitter design as described
in Fig. 7.1. To assemble the emitting setup described in Fig. 7.1, the emitter is ﬁrst
divided into N =11 segments, with the minimum and maximum null angles θ1 = −48°,
and θ11 = 48°. We then pick a speciﬁc wavelength for which the received power should
be reduced. In this example, we choose 982.5 nm [marked by the blue dashed lines
in Figs. 7.3(a) and 3(b)]. We prepared 5 sets of simulations to gradually change the
angle from 48 to 10 , for segments 1 through 5 and for segments 11 through 7, as
shown in Fig. 7.5(a). For the middle segment (number 6), we utilize the emitter
design described in our previous work [192], in which a similar design to Fig. 7.2(a)
was introduced, but with using a single groove Si HCG instead, with grating thickness
of 0.6a and ridge width of 0.68a, where a=454.3 nm. The emissivity spectra of this
middle segment at diﬀerent incident angles with a Yb-doped substrate is shown in
the contour plot of Fig. 7.3(b).

7.3.3

View factor reduction

In this section, two cases of view factor reduction are presented. The view factor
reduction due to using GMR ﬁlters is ﬁrst studied for a distant receiver situation.
Second, the view factor reduction due to a spatially dependent angle selective nearby
thermal emitter is studied.

A distant emitter and receiver
We start with the simpler case where the receiver is far away. For this purpose, it is
required to reduce the heat exchange in the normal direction only. Thus, the emitter
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(a)

(b)
Emissivity

Fig. 7.3. Two examples of emissivity contour plots for an emitter with a
Yb-doped substrate, as a frequency selective substrate. (a) Emissivity plot
of the thermal emitter in Fig. 7.2(a), with period a=440 nm. Changing
a steers the null angle, speciﬁcally at 982.5 nm (dashed blue line). (b)
Emissivity plot of a structure similar to Fig. 7.2(a), but with a single
groove grating (as described in reference [192]). The grating thickness
is 0.6a and the Si ﬁlling factor is 0.68a, where a=454.3 nm. An emitter
segment with emissivity spectra in (b) will be used for the middle segment
[number 6 in Fig. 7.5(a)].

is covered with a single grating structure whose emissivity spectrum is shown in Fig.
7.4(a). The obtained spectrum ignores the substrates dispersion and absorption. We
consider two scenarios to model this situation. The ﬁrst scenario assumes that the
emitter is radiating directly in the normal direction, similar to the emission received
from the direct component of sunlight. The receiver is a thick, transparent, nonselective, low-loss absorbing substrate covered with a single groove GMR of period
a=872.64 nm. We assume that the emitter and the receiver have the same width l, and
separated by a distance D = 0.5l. This scenario mimics a daytime radiative cooling
setting, where heat exchange is prevented from the normal direction and allowed
otherwise. To calculate the reduction of the received power at the target, we compute
the view factor with the proposed design, and compare it to the view factor obtained
for a blackbody at the same temperature and with the same dimensions and separation
distance. The normalized view factor plotted in Fig. 7.4(b) is the ratio between the
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former and the latter view factors. A large reduction in the normalized view factor
over a wide range of wavelengths (1500 nm to 2200 nm) that reaches more than 99%
around 1530 nm and 2130 nm is evident in Fig. 7.4(b). In the second scenario,
we consider an emitter with a frequency-selective substrate with emissivity spectra
shown in Fig. 7.3(b). The receiver is assumed to have no angular dependence. We
study the eﬀect of changing the separation distance D. The separation distance should
be large enough, so that the angular width dispersion eliminates radiation received
from diﬀerent locations on the emitter. The minimum separation distance may be
estimated as Dmin = lt / (2 tan (Δθ/2)), where lt is the target's length, and Δθ is the
angular spread around the normal direction as described in Fig. 7.4(a). Increasing
the separation distance above Dmin will further reduce the received power at the
target, compared to a blackbody emitter at the same wavelength. The normalized
view factor is plotted in Fig. 7.4(c), assuming an emitter of length l1 = 1, and a target
of length lt = 0.5l, while the separation distance D is varied from l1 to 5l1 . In Fig.
7.4(c), we notice that the expected view factor reduction becomes more pronounced
at larger separation distances. The reduction of thermal power reaching the target is
at least 99% for λ = 977.5 nm when D > Dmin .

A nearby receiver
For that purpose, we consider an example for the emitter design as shown in Fig.
7.5(a), where arbitrary emitting segments could be arranged to give emission nulls at
the target as discussed earlier. The emission pattern of each segment is plotted, and
the shaded yellow areas show the null direction and their angular extension over the
target. As shown in Fig. 7.5(a), the target length is l and the emitter and the receiver
are of the same length l1 = l2 = 1.61l, while the separation distance D is 5.75l. Note
that the segments length should be large enough to include a suﬃcient number of
periods of the HCG, to avoid reduction of the resonant peaks amplitudes, as well as
spectral broadening [278]. The view factor is computed as described in reference [177],
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Fig. 7.4. Emissivity contour plot of an emitter composed of a transparent
low-absorbing substrate and a single groove grating GMR ﬁlter. (b) The
view factor reduction (99.77%) expected between a directional emitter
separated by a distance D = 0.5l from a receiver with emissivity spectra plotted in (a). The design setup depicted in the inset mimics heat
exchange with the direct component of the sun. (c) The computed reduction of the view factor between a distant target receiver of length 0.5l
at a distance D from an emitter of length l1 (inset). The whole emitter's
surface is covered with a single groove GMR ﬁlter with spectra plotted
in Fig. 7.3(b), where a frequency selective absorptive substrate is used.
Yellow beams in the inset depict the range of excluded angles. The normalized view factor is plotted for separation distances of l1 , 2l1 , 3l1 , 4l1
and 5l1 . For D > l1 , the reduction is 99.77% at 977.5 nm.

but for a surface with inﬁnite extension in one direction (see Methods). The obtained
view factor is plotted in Fig. 7.5(b), but normalized to the value of the view factor
in absence of any angular shaping emitters. Ideally, we expect to see a dip to zero
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of the normalized view factor around the design wavelength of 982.5 nm. Although
the normalized view factor does not go to zero at 982.5 nm, it still shows a dip at
this particular wavelength, with a reduction of almost 80%, compared to a plane
blackbody emitter. This non-zero received power at the target is mainly caused by
the null angular width being insuﬃcient to cover the whole target area, as well as
the residual emission at each null. This suggests further optimization of the designed
segments could provide better overlap of nulls at the target. We also notice that the
normalized view factor is below 70% for wavelengths between 950 nm and 1010 nm,
which is simply due to the dispersion characteristics of the emission nulls, that still
keeps the received power at the target suﬃciently low, despite the fact that the nulls
are displaced at these wavelengths.
Another source of extra emission in a real device is the fact that each line segment
over the emitter surface will act as a line thermal source, thus it makes sense to sample
a number of points over each segment during the view factor calculation, to mimic a
realistic situation. Since these sampled sources will not have the exact overlap with
the target due to their spatial oﬀset from the center of the segment, it is expected
that these extra sources will contribute more power at the target. The expected
reduction of the normalized view factor is also plotted in Fig. 7.5(b), and it shows
that 10 samples over each segment are enough to describe the realistic response for
this example, since similar results are obtained with a 100 of sampling sources for
each segment. Of course, with these extra sources added, the normalized view factor
decreases reduction to almost 69% at 982.5 nm. To show that received power is
only decreased at the target, we perform the same calculations of the view factor
over the rest of the receiver's surface. The computed view factor, plotted also in
Fig. 7.5(b) in red shows a reduction of only 6.6% at 982.5 nm, caused mainly by
the presence of mirror symmetric null of each segment at the opposite directions of
the target. Accordingly, the proposed design can selectively exclude the emission
towards a target without a signiﬁcant alteration of the power ﬂow to the surrounding
areas. As mentioned earlier, the emission reduction is best when properties of emitter
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Fig. 7.5. Achieving angular exclusion with 11 emitter segments. The
emission pattern of each segment is plotted at 982.5 nm. Yellow beams
depict the range of excluded angles to reduce the view factor at the target.
(b) The computed normalized view factor at the target (red) and over the
receiver's surface (blue). The computed view factor is normalized by the
original view factor for each surface without exclusion. Sampling more
emitting sources over each segment increases the received power at the
target because of the increased overlap between diﬀerent emitting sources
over each segment.

segments vary adiabatically across the surface. In the case of a ﬁnite number of
fabricated emitter segments with distinct properties, it is possible to estimate the
contribution of each segment to the received power at the target, then identify the
biggest contributors and replace them by a better matching emission patterns. The
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contour plots in Fig. 7.6(a) and 7.6(b) shows the received power from each emitter
segment at the target and over the receiver's surface excluding the target, respectively,
over the selective range of wavelengths. First, we note that the values of the received
power in Fig. 7.6(a) are one order of magnitude less than Fig. 7.6(b). This is expected
since the target area is much less than the receiver area. Second, the received power
over the range of wavelengths from 970 nm to 1010 nm [Fig. 7.6(a)] is greatly reduced,
if compared to the received power over the shorter wavelengths. Third, if we plot the
received power from each segment of the emitter at 982.5 nm [inset of Fig. 7.6(a)], we
notice that there are some locations where the received power is large. This suggests
replacing these elements, especially those closer to the center of the emitter, indexed
by 5, 6, and 7 in Fig. 7.5(a), with emitting elements showing larger angular spread
around the null direction. Speciﬁcally, we replaced them with emission patterns
extracted from Fig. 7.3(b), to give wider coverage over the target's surface. Upon
replacing elements number 5, 6 and 7, we obtain an increased reduction of the view
factor as shown in Fig. 7.7(c), with received power plotted in Figs. 7.7(a) and
7(b). The inset of Fig. 7.7(a) shows the reduction of the power emitted speciﬁcally
from the middle segments, compared to the inset of Fig. 7.6(a). Although replacing
these elements contributed to a better view factor reduction (77% in this case), the
replaced segments, however, caused some reduction of the received power at the
surface excluding the target, to 9.9% compared to 6.6% in Fig. 7.5(b). Fortunately,
the decreased view factor outside the target is not signiﬁcant, since substantial power
is still received from other emitter segments. Although this modiﬁcation does not
provide a 100% reduction of view factor at the target, further numerical optimization
of the GMR ﬁlters on each emitter segment could also be utilized to push the angular
emissivity reduction at the target to near 100%. In future work, one may consider
steering nulls into a targeted solid angle through a 2D periodic surface array of emitter
elements.
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Fig. 7.6. (a) The received power at the target from each emitter segment.
At the target wavelength, the closest emitter segments to the receiver
show high received power, suggesting an optimization for these segments
(inset). (b) The received power over the rest of the receiver's surface.
High values of power are received keeping the total view factor suﬃciently
high.

7.4

Conclusion
We propose a photonic structure based on guided mode resonance ﬁlters on thick

low-loss emitters for narrowband directional thermal emission exclusion to reduce
thermal exchange between a distant receiver and an emitter, or a nearby emitter and
a sensitive target. For a distant emitter, a reduction of 99.77% is shown using a single
groove HCG grating eliminating emission in the normal direction, which can operate
over either a narrow or broad range of wavelengths. For a nearby thermal emitter,
the reﬂection resonances of the GMR ﬁlters are tuned almost adiabatically over the
emitter's surface to yield a radiation null at the target. Frequency selectivity can
be achieved using a frequency-selective emitter substrate, such as a rare-earth doped
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Fig. 7.7. (a) and (b) are the same as Fig. 7.6 but after replacing three
emitter segments. The received power from these segments reduced compared to Fig. 7.6 (inset). (c) Improvement of the view factor after replacing the center segments. The normalized view factor at the target is
reduced to 0.23 (77% reduction) of its original value, however, the total
view factor over the rest of the surface is reduced to 0.91 (¡10% reduction)
of its original value.

glass. Careful tailoring of emitter segments showed a view factor reduction at the
target of at approximately 77%, compared to a relatively minor (¡10%) view factor
reduction over other areas around the target. While this design focuses on a single
wavelength, it may be extended to a broader band. Finally, this approach may ﬁnd
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applications in daytime radiative cooling, stray radiation reduction in IR telescopes
and thermoluminescence spectroscopy.
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8. SUMMARY AND FUTURE OUTLOOK
The concept of thermophotonics has a potential to improve many applications that
rely on maximizing or minimizing radiative heat transfer. Through a simple qualitative and quantitative analysis, thermal radiation properties of ordinary materials
can be deliberately altered applying carefully engineered structures. Analogous to
ﬂat optical lenses, resonant metasurfaces and photonic crystals have shown a great
promise in steering radiated heat towards or away from a speciﬁc target.
In this thesis, a variety of photonic materials and structures has been employed
to adequately tailor the properties of thermal radiation. Photonic crystals and plasmonic materials have been combined to address some challenges in STPV systems,
stray thermal radiation reduction and thermal sources. These contributions are summarized below.
• Chapter 2 addressed the problem of parasitic emission in TPV systems. A
multi-layer chirped stack is integrated on a naturally-selective thermal emitter
as a method to improve spectral selectivity. This strategy showed an enhancement of the expected TPV eﬃciency up to ≈38% compared to ≈24% at 1573
K in absence of the chirped ﬁlter. The proposed structure is amenable to fabrication with standard deposition techniques such as sputtering and PECVD.
Experimental characterization is still to determine the thermal and mechanical
stability of the multi–layer stack under high temperatures.
• Chapter 3 addressed the design challenges of solar absorbers, under moderate
solar concentration ≈ 100 suns, at high temperature operations. The tradeoﬀ
between solar absorption and thermal reradiation is addressed using a design
based on rare earth doped ﬂuoride glasses inspired by ﬂuorescent lamps. The
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results showed potential reduction of reradiation, and enhancement of total
STPV eﬃciency to 12.9% at 1350 K.
• In chapter 4, asymmetric directional thermal radiation is engineered using
blazed metallic gratings. The interaction between diﬀraction modes together
with the material optical properties as well as the choice of geometric parameters play a role in enhancing the emissivity in one direction versus the mirror
direction. Major oﬀ–directional losses are still present, specially with the need
to use high proﬁle grating structures increasing the eﬀective surface area of the
metal.
• Chapter 5 combines angular and spectral selectivity through using plasmonic
eﬀects in low–permittivity thin ﬁlms. The desired collimated structure shows
view factor enhancement at larger separation distances. Utilizing such a structure in a TPV system shows a potential to enhance eﬃciency by a factor of 3.2x
over a blackbody at the same temperature and separation distance from the
receiver. While collimated thermal radiation is beneﬁcial, parasitic emission,
either spectral or directional, signiﬁcantly limits the expected enhancement.
• Chapter 6 analyzes the view factor enhancement using angle-restricted thermal
emitters. The results expected a reliable thermal focusing scheme using an edge
to center approach. Also, photonic structures supporting Fano-resonances were
discussed as potential elements to practically realize view factor enhancement
at large separation distances.
• Chapter 7 introduced a new concept to selectively conceal thermal radiation.
Angle-selective ﬁlters implemented using GMR structures have been engineered
to create an “inverse” lens that blocks heat from reaching a given site on the
receiver. Such a capability may potentially enhance IR detection systems, by
further reduction of stray thermal radiation received at a sensitive detector element, while allowing the emitter body to exchange heat away from the detector.
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While these ambitious approaches conceptually address applications like TPV devices,
IR sources and detectors, there is still a room for studying other structures that
support more functionalities. Some related future directions are summarized below:
• Active tuning of the properties of radiated heat utilizing electronically tunable
materials such as doped oxides, 2D materials (graphene, black phosphorus and
transition metals dichalcogenides (TMD)) to actively steer thermal radiation.
Some recent studies suggest the use of graphene [279], as well as doped oxides
[280] metasurfaces for active beam steering. In the context of thermal radiation,
active beam steering to couple to surface modes [74] has the potential to control
angular properties of thermal radiation. These ultrathin metasurfaces may be
combined with resonant structures such as gratings and GMR ﬁlters.
• Employing temperature dependence of optical constants to create thermally
tuned absorptive metasurfaces. This suggests the utilization of thermal dependence of optical constants, e.g. thermo-optic coeﬃcients [281], or free carrier
tuning [282] to modify phase shifts associated with each sub-elements. In the
work presented in Chapter 5, the study of the optical constants eﬀect on the
emissivity function suggests the potential to employ this property in favor of the
design. For example, self-regulated emitters, and thermally controlled optical
absorbers.
• Combining metasurfaces with nano–heaters to create thermal antenna arrays
with desired directivity. Recently, a general form of Kirchhoﬀ’s law describing local dependence of the emissivity function was developed by Greﬀet et
al. [283]. This theory also was applied to the problem of a single thermal
nanoantenna [284]. Thus, it is possible to imagine combinations of nanoantenna arrays triggered with diﬀerent thermal excitation sources to collectively
modify the emissivity of the whole emitting structure due to localized eﬀects.
These localized heaters suggest full control over the spectrum, directivity and
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intensity of the emitted heat, when combined with other resonating metasurfaces.
The combination of these tunable properties may be useful for designing tunable
lighting for specialized illumination for scientiﬁc instrumentation. Besides, the full
potential of electronic tuning allows for changing thermal radiation properties in-situ,
and without the need to change the geometry of the thermal emitter over the surface.
Finally, with the great potential of nanophotonic structures to favorably control thermal radiation, experimental studies of the robustness, performance and reliability of
these structures will complete the picture. Providing more realistic bounds of the
predicted performance suggests more room for optimizing these structures for their
respective applications.

REFERENCES

133

REFERENCES

[1] H. H. Kolm, “Solar-battery power source,” Quarterly Progress Report, vol. 13,
1956.
[2] B. D. Wedlock, “Thermo-photo-voltaic conversion,” Proc. IEEE, vol. 51, pp.
694–698, 1963.
[3] R. Black, L. Martin, and P. Baldasaro, “Thermophotovoltaics-development status and parametric considerations for power applications,” in Thermoelectrics,
1999. Eighteenth International Conference on, vol. 18, 1999, pp. 639–644.
[4] F. OSullivan, I. Celanovic, N. Jovanovic, J. Kassakian, S. Akiyama,
K. Wada, F. O sullivan, I. Celanovic, N. Jovanovic, J. Kassakian,
S. Akiyama, and K. Wada, “Optical characteristics of one-dimensional SiSiO2
photonic crystals for thermophotovoltaic applications,” Journal of Applied
Physics, vol. 97, no. 3, pp. 33 529–33 529, Jan. 2005. [Online]. Available:
papers2://publication/doi/10.1063/1.1849437
[5] R. M. Swanson, “A proposed thermophotovoltaic solar energy conversion system,” Proceedings of the IEEE, vol. 67, pp. 446–447, 1979.
[6] V. Rinnerbauer, A. Lenert, D. M. Bierman, Y. X. Yeng, W. R.
Chan, R. D. Geil, J. J. Senkevich, J. D. Joannopoulos, E. N. Wang,
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